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One of the most important subjects of neurosciences is to reveal the neural mechanisms underlying 
learning and memory. In both mammals and insects, the basic demands of life are similar, although brains 
are structurally very different. Especially, learning and memory are innate properties of both animal 
groups that are essential for survival of each individual. Therefore, simple and accessible brains of insects, 
which consist of approximately one million neurons, are useful for addressing this issue. To reveal neural 
mechanisms underlying learning and memory, it would be ideal to study neural events within a network 
of fully characterized neurons. In insects, many neurons can be identifiable at the level of single-neurons 
according to their structure and function, and this enables us to understand the working of network 
function in terms of singly identified neurons. One of the insects that may provide valuable model system 
for such study is the cockroach, Periplaneta americana. 
  In this study, I have used cockroaches as a model animal to study neural mechanisms underlying 
olfactory learning and memory. Since cockroaches are nocturnal animals, they heavily rely on olfaction 
for foraging and mating. Previous operant conditioning experiments to associate olfactory conditioning 
stimuli (CS) with gustatory unconditioned stimuli (US) demonstrated their excellent olfactory 
discrimination and learning capabilities (Balderrama, 1980; Sakura and Mizunami, 2001; Sakura et al., 
2002). In addition, olfactory processing pathways in the cockroach brain have been well characterized at 
the levels of individual brain neurons (Boeckh and Ernst, 1987; Li and Strausfeld, 1997, 1999; Malun et 
al., 1993; Strausfeld and Li, 1999).  
  My doctoral thesis consists of five chapters. In chapter 1, I report classical conditioning to associate 
olfactory CS with gustatory US in free-moving cockroaches. In chapter 2, I report classical conditioning 
of activities of salivary neurons in restrained cockroaches. I show that, after classical conditioning 
procedure to associates an odor with sucrose solution presented to the mouth, responses of salivary 
neurons to sucrose-associated odors increase. In chapter 3, by measuring the amount of saliva secretion in 
response to sucrose-associated odors, I demonstrate conditioning of salivation in cockroaches. The papers 
reporting the results of chapters 2 and 3 have received much attention by general public, and articles 
reporting these results appeared in many newspapers, such as “Daily Yomiuri” and “New York Times”, 
and in scientific journals, such as “Science” and “Discover”, with the headlined “Pavlov’s cockroaches”. 
Presentation of gustatory US to the mouth induces movements of the mouth and brain, and it disturbs 
chronic recording from individual brain neurons. Therefore, to improve this point, I have studied the 
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effects of sucrose US presented to the antenna, which is a multi-sensory apparatus of insects. In chapter 4, 
I successfully demonstrate conditioning of olfactory CS with gustatory US presented to an antenna. 
Conditioning of salivation with antennal gustatory US is potentially an excellent model to the study of 
neural mechanisms underlying leaning and memory, because it can be easily combined with chronic 
recording from individual brain neurons. However, to record the activity of neurons during the association 
of CS and US, I must know the brain areas where it occurs. In chapter 5, to answer this question, I have 
injected mecamylamine, an acetylcholine antagonist in a type of nicotinic receptors, into three distinct 
areas of the olfactory CS pathway, namely the antennal lobe, calyx of the mushroom body and the lateral 
protocerebrum, and studied its effects on conditioning have been. I conclude that 
mecamylamine-sensitive mushroom body intrinsic neurons play major roles for association of olfactory 
CS with gustatory US. The studies described in chapter 1, 2 and 3 have been published (Watanabe et al., 
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I established a classical conditioning procedure for the cockroach, Periplaneta americana, by which 
odors were associated with reward or punishment. Cockroaches underwent differential conditioning trials 
in which peppermint odor was associated with sucrose solution and vanilla odor was associated with 
saline solution. Odor preference of cockroaches was tested by allowing them to choose between 
peppermint and vanilla sources. Cockroaches that had undergone one set of differential conditioning trials 
exhibited a significantly greater preference for peppermint odor than did untrained cockroaches. Memory 
formed by three sets of differential conditioning trials, with an inter-trial interval of 5 min, was retained at 
least 4 days after conditioning. This conditioning procedure was effective even for cockroaches that had 
been harnessed in plastic tubes. This study shows, for the first time in hemimetaborous insects, that both 
freely moving and harnessed insects are capable of forming olfactory memory by classical conditioning 
procedure. This procedure may be useful for future electrophysiological and pharmacological studies 
aimed at elucidation of neural mechanisms underlying olfactory learning and memory. 
 





The cockroach, Periplaneta americana, is one of insects whose olfactory system has been studied at both 
the peripheral and central levels by anatomical and physiological methods (Boeckh and Ernst, 1987; 
Fujimura et al., 1991; Li and Strausfeld, 1997, 1999). Responses of olfactory receptor neurons on the 
antennae to pheromonal and non-pheromonal odors have been well characterized (Fujimura et al., 1991; 
Gets and Akers, 1997), and their axon terminals have been shown to form glomeruli in the antennal lobe 
and make synaptic connections with interneurons (Boeckh and Ernst, 1987). Projection neurons that 
originate in the antennal lobe terminate in the mushroom body and the lateral protocerebrum (Boeckh and 
Ernst, 1987; Strausfeld and Li, 1999; Nishino et al., 2003). Mushroom bodies have highly organized 
internal structures and have neural connections to various protocerebral neuropils (Mizunami et al., 1997, 
1998a, b; Li and Strausfeld, 1997, 1999; Okada et al., 2003). 
Olfactory learning in insects has proven to be an ideal model in which to study many aspects of 
learning and memory and their neural mechanisms. In honey bees, Apis mellifera, studies using local 
cooling of the brain have suggested that the antennal lobe and the mushroom body participate in olfactory 
memory processing (Erber et al., 1980; Menzel, 1999). In fruit-flies, Drosophila melanogaster, mutants 
with defects in mushroom body structure exhibited impairment in olfactory learning (Heisenberg et al., 
1985; Heisenberg, 2003). However, the neural mechanisms underlying olfactory memory processing in 
insects are still not clear. 
Studies using operant conditioning procedures have shown that cockroaches have excellent olfactory 
learning and memory capabilities (Balderrama, 1980; Sakura and Mizunami, 2001, Sakura et al., 2002). 
Sakura and Mizunami (2001), for example, showed that: 1) a single training session is sufficient to alter a 
cockroach’s odor preference, 2) memory formed by three training sessions lasts at least 4 weeks and 3) 
the odor preference altered by training can easily be changed by re-training. In these studies, conditioning 
was designed to associate one odor with reward and another odor with punishment by allowing 
cockroaches to freely visit a pair of odor sources and to drink sucrose solution (reward) at one odor 
source and to drink saline solution (punishment) at the other odor source. This operant conditioning 
procedure, however, is of limited use for studying neural mechanisms underlying learning and memory 
processing, because the experience of individual cockroaches during conditioning could not be controlled 
by the experimenter. To overcome this difficulty, I have developed a classical conditioning procedure in 
which the timing of the presentation of olfactory conditioning stimuli and gustatory unconditioned stimuli 
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can be precisely determined by the experimenter. I found that this procedure is applicable even to 
cockroaches that have been harnessed in plastic tubes. This procedure may be useful for future 





2. Materials and Methods 
2.1. Insects 
Adult male cockroaches, Periplaneta americana, were obtained from a laboratory colony maintained 
under a light-dark cycle (LD 12:12) at 26-28 ℃. All experiments were carried out in a room with a 
reversed light-dark cycle (LD 12:12)（light on from 1:00 to 13:00）at 26-28 ℃. 
One week before the start of experiment, a group of 20-30 cockroaches was placed in a testing 
chamber to allow them to become familiarized with the environment. The testing chamber was made of 
an acrylic plate and consisted of two parts, a “resident side” and a “testing side” (Fig. 1-1.C, left). The 
wall of the chamber was smeared with liquid paraffin to prevent the cockroaches from escaping, and the 
floor was covered with black cardboard. In the resident side, there was a wooden refuge and two small 
cups, one supplying sugar-free yeast extract and the other supplying water. Cockroaches were allowed to 
drink water and were fed a diet of sugar-free yeast extract ad libitum until four days before conditioning 
and were then deprived of drinking water in order to enhance their motivation to search for sucrose 
solution. One day before conditioning, each cockroach was placed individually in a beaker. 
 
2.2. Classical conditioning procedure 
The conditioning procedure was modified from that used for crickets by Matsumoto and Mizunami 
(2002) and Matsumoto et al. (2003). Training and testing were performed during the dark period under 
dim red light (Fig. 1-1.A). Cockroaches placed in beakers (Fig. 1-1.B, right) were subjected to differential 
conditioning trial consisting of an appetitive conditioning trial in which peppermint odor was associated 
with 10% sucrose solution followed by an aversive conditioning trial in which vanilla odor was 
associated with 20% sodium chloride solution. Since cockroaches have an innate preference for vanilla 
odor over peppermint odor (Sakura and Mizunami, 2001), conditioning was designed to associate 
peppermint odor with reward and vanilla odor with punishment. Hypodermic syringes (each 1 ml) were 
used to apply conditioning and unconditioning stimuli. A small filter paper (3 mm×3 mm) was attached to 
the needle of the syringe at 10 mm from its tip (Fig. 1-1.B, left). The syringe used for the appetitive 
conditioning trial was filled with sucrose solution, and the filter paper attached to the needle was soaked 
with peppermint essence. The syringe used for the aversive conditioning trial was filled with saline 
solution, and the filter paper attached to the needle was soaked with vanilla essence. For odor presentation, 
the filter paper was placed within 1 cm of the cockroach’s head. Previous studies in other insects showed 
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that conditioning was achieved when the onset of odor stimulus preceded taste stimulus by 1-5 s in honey 
bees (Menzel, 1990) and crickets (Matsumoto and Mizunami, 2000) and by 1-3 s in moths (Fan et al., 
1997). In this study, at 2 sec after the onset of odor presentation, a drop of sucrose solution or saline 
solution was presented to the mouth of the cockroach for 2 sec. Then the air in the beaker was ventilated. 
After training, each cockroach was placed in a beaker and fed a diet of yeast extract but was deprived of 
drinking water until the odor preference test. 
In one experiment, cockroaches were subjected to an odor preference test (PT-0) and were then 
harnessed in plastic tubes with a thin plastic plate between the head and thorax (Fig. 1-2). They could not 
move their limbs but could move their antennae and mouths freely. On the next day, they were subjected 
to differential conditioning. Immediately after the conditioning, each cockroach was released from the 
tube and placed in a beaker and was fed a diet of yeast extract ad libitum but was deprived of water until 
the next odor preference test. 
 
2.3. Odor preference test 
The testing procedure was modified from that used by Sakura et al. (2002) for cockroaches. At the 
beginning of the odor preference test, two vanilla sources and two peppermint sources were placed in the 
testing side (Fig. 1-3.C, right). For each source, two rectangular filter papers (0.5 cm×2.0 cm) that had 
been soaked with 20 μl of vanilla essence or peppermint essence were put into a glass dish and covered 
with a concave-shaped plastic cover. The cover had 24 small holes to allow the odor to emanate. Then one 
cockroach was put into the resident side of the chamber to observe which odor source it visited. It was 
considered that a cockroach had “visited” an odor source when the cockroach probed the plastic cover of 
the source with its mouthparts (labrum, labium, mandible, and/or maxilla). Immediately after (<1 sec) the 
cockroach had visited a source, it was driven away from the source to the residence side, and it was then 
allowed to walk into the testing side again. The arrangement of odor sources was randomly changed after 
each visit, and the number of visits to either source during a period of 10 minutes was counted. In the 
tests before conditioning, about 60% of the cockroaches visited the odor source at least once, and the 
average number of their visits was 1.5. In the tests after conditioning, about 90% of the cockroaches 
visited the odor source at least once, and the average number of their visits was 2.4. Cockroaches that 
visited no odor sources were excluded from data evaluation. 
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2.4. Four-day retention test 
In another experiment, cockroaches underwent odor preference tests one day after conditioning and 
were then kept in the testing chamber as a group. They were allowed to drink water and were fed a diet of 
yeast extract for a few hours, and they were then deprived of drinking water for three days, until the odor 
preference test at four days after conditioning. 
 
2.5. Data analysis 
The relative odor preference of each cockroach was determined using a “peppermint preference index 
(PI)” (%), defined as 100･np/(nv+np), where nv and np are the number of visits to vanilla and peppermint 
sources during the odor preference test, respectively. Wilcoxon’s test (WCX) was used to compare odor 
preferences between different tests in a given cockroach group, and the Mann-Whitney U-test (M-W) was 
used to compare odor preferences between different cockroach groups. Z-test was used to evaluate odor 




3.1. Odor preference of untrained cockroaches 
Untrained cockroaches exhibited a significant preference for vanilla over peppermint: The results of 
Z-test showed that averaged peppermint preference index of this group were significantly less than 50% 
(P<0.001, T=-22.04, df=132) (Fig. 1-3). This is in agreement with the results of our previous study in 
which the odor preference of cockroaches was determined by the time spent at each odor source (Sakura 
and Mizunami, 2001). 
  
3.2. Effect of the number of differential conditioning trials 
Cockroaches were subjected to one (group 1 in Fig. 1-4.A), two (group 2) or three differential 
conditioning trials (group 3) with an inter-trial interval (ITI) of 5 min. In tests performed at 30 min after 
conditioning, preferences for peppermint in all groups were significantly greater than that in the untrained 
group (PT-0 group shown in Fig.1-3) (M-W, PT-0-group 1: P<0.001, df=1, U=69.5; PT-0-group 2: 
P<0.001, df=1, U=45.5; PT-0-group3: P<0.001, df=1, U=24). The preference for peppermint in the 
one-trial group (group 1) did not differ from that in the two-trial group (M-W, P>0.05, df=1, U=145.5), 
and the preference for peppermint in the three-trial group was greater than that of one-trial or two-trial 
group (M-W, group 1-group 3: P<0.001, df=1, U=56; group 2-group 3: P<0.01, df=1, U=88). Thus, the 
memory retention measured 30 min after conditioning was highest in the three-trial group. 
 
3.3. Effect of inter-trial interval 
Cockroaches were subjected to three differential conditioning trials with inter-trial interval (ITI) of 30 sec 
(group 1 in Fig. 1-5.A), 1 min (group 2), 5 min (group 3) or 15 min (group 4). In tests performed at 30 
min after conditioning, preferences for peppermint in all groups were significantly greater than that in the 
untrained group (PT-0 group shown in Fig. 1-3) (M-W, PT-0-group 1: P<0.001, df=1, U=38; PT-0-group 
2: P<0.001, df=1, U=19.5; PT-0-group 3: P<0.001, df=1, U=24; PT-0-group 4: P<0.001, df=1, U=22.5). 
The preference for peppermint in the 30 sec ITI group did not differ from that in the 1 min ITI group 
(M-W, P>0.05, df=1, U=33), and the preference for peppermint in the 30 sec or 1 min ITI group was 
significantly less than that in the 5 min ITI group (M-W, P<0.05, df=1, U=56). Cockroaches in the 5 min 
and 15 min ITI groups exhibited saturated levels of retention: All visits during the test session were to 
peppermint sources. Thus, no significant difference was found between odor preferences in those two 
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groups (M-W, P>0.05, df=1, U=120). I concluded that three differential conditioning trials with a long (5 
min or 15 min) ITI are more effective than trials with a short (30 sec or 1 min) ITI. 
 
3.4. Long-term retention of olfactory memory 
A group of cockroaches was subjected to an odor preference test (PT-0 in Fig. 1-6). On the next day, they 
were subjected to three differential conditioning trials with an ITI of 5 min. The odor preference of 
cockroaches in the group was tested at 30 min (PT-1) and at 1 day after conditioning (PT-2). The 
preference for peppermint at 30 min or 1 day after conditioning was significantly greater than that before 
conditioning (WCX, PT-0-PT-1: P<0.01, df=1, J=0; PT-0-PT-2: P<0.01, df=1, J=0). At 30 min and 1 day 
after conditioning, the cockroaches exhibited a saturated level of retention: all visits during the test 
session were to peppermint sources. Thus, no significant decay of memory was observed during a period 
from 30 min to 1 day after conditioning. 
  Another group of cockroaches was subjected to three differential conditioning trials with an ITI of 5 
min, and the odor preference of the cockroaches was tested at 1 day (PT-1 in Fig. 1-7) and at 4 days 
(PT-2) after conditioning. The preference for peppermint at 1 day or 4 days after conditioning in this 
group of cockroaches was significantly greater than that of untrained cockroaches (PT-0 group shown in 
Fig. 1-3) (M-W, PT-0-PT-1: P<0.001, df=1, U=24; PT-0-PT-2: P<0.001, df=1, U=24.5). At 1 day and 4 
days after conditioning, this group of cockroaches exhibited an almost saturated level of retention, and no 
significant decay of memory retention was therefore observed from 1 day to 4 days after conditioning.  
 
3.5. Classical conditioning of cockroaches harnessed in plastic tubes  
A group of cockroaches was subjected to an odor preference test (PT-0 in Fig. 1-8), and each cockroach 
was then harnessed in a plastic tube (Fig. 1-2). On the next day, they were subjected to three differential 
conditioning trials with an ITI of 5 min. The odor preference of the cockroaches was tested 1 day after 
conditioning (PT-1). The preference for peppermint 1 day after conditioning was significantly greater than 
that before conditioning (WCX, P<0.01, df=1, J=0). However, the preference for peppermint of harnessed 
cockroaches 1 day after conditioning was significantly less than that of cockroaches moving freely in 
beakers (M-W, PT-1 in Fig.1-7. - PT-1 in Fig.1-8: P<0.05, df=1, U=63). I conclude that our classical 
conditioning procedure is effective even for cockroaches harnessed in plastic tubes, although the memory 
formed was less than that of freely-moving cockroaches.  
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4. Discussion 
In the present study, I established an effective classical conditioning procedure to associate odors with 
tastes in cockroaches. One of advantages of this procedure over operant conditioning procedures used 
previously by Balderrama (1980), Sakura and Mizunami (2001) and Sakura et al. (2002) is that sensory 
experience during conditioning can be adequately controlled by the experimenter and thus enables to 
determine precisely the effects of changes in stimulus parameters on conditioning. 
During training, cockroaches were placed individually in beakers, and a pair of odors was presented 
sequentially, with the first odor paired with a reward and the second odor paired with a punishment. 
Cockroaches were later placed in a testing chamber and allowed to choose freely between the two odors 
presented simultaneously and without reinforcement. While there is no a priori reason for cockroaches to 
carry their training experience over to this active test situation, they clearly exhibited a transfer of the 
training effect. A similar transfer of olfactory memory to a different test situation has also been reported in 
the fruit fly (Tully and Quinn, 1985), the honey bee (Gerber et al., 1996) and the cricket (Matsumoto and 
Mizunami, 2002). 
In most previous studies on cockroach olfactory learning, the odor preference of each cockroach was 
evaluated by the time spent at each odor source (Balderrama, 1980; Sakura and Mizunami, 2001), 
whereas it was evaluated by the number of visits to each source in this study. The preference of untrained 
cockroaches for peppermint determined by the number of visits (shown in Fig. 1-3) was significantly 
lower than that determined by the time spent at each source in previous studies (Fig. 1-3 in Sakura and 
Mizunami, 2001) (M-H, P<0.001, df=1, U=3256). However, a simple comparison of these two estimates 
is inappropriate, because the cockroaches were trained under different conditions in respective 
experiments. To determine which of these two parameters is more appropriate for evaluating the effects of 
conditioning, the odor preference need to be evaluated with cockroaches that were trained under identical 
conditions. 
The properties of memory formed by the classical conditioning procedure in cockroaches are similar 
to those formed by a similar conditioning procedure in crickets reported by Matsumoto and Mizunami 
(2002) in the following aspects. First, only one differential conditioning trial was sufficient to achieve 
conditioning in both crickets and cockroaches. Second, a saturated level of olfactory retention was 
achieved by only two or three differential conditioning trials in both crickets and cockroaches. Third, two 
or three differential conditioning trials were sufficient for inducing 4-day memory retention in both 
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crickets and cockroaches. Fourth, three differential conditioning trials with an ITI of 2 or 5 min resulted 
in greater retention than did three differential conditioning trials with an ITI of 30 sec or 1 min in both 
crickets and cockroaches. Similar results have been obtained in honey bees (Gerber et al., 1998) and 
fruit-flies Drosophila (Tully et al., 1994). The requirement of training sessions with rest intervals to 
induce long-term memory appears to be a common feature among vertebrates and invertebrates (Dubnau 
and Tully, 1998). In crickets, two differential conditioning trials with a 10 min ITI were less effective than 
two differential conditioning trials with a 5 min ITI. In cockroaches, three differential conditioning trials 
with an ITI of 15 min and an ITI of 5 min resulted in saturated levels of retention. No data are available 
from crickets that compared the effects of ITI when given the three differential conditioning trials.  
This study shows, for the first time in cockroaches, that both freely-moving and harnessed insects are 
capable of forming olfactory memory by classical conditioning procedure, in keeping with the 
observations in honey bees (Menzel, 1999) and fruit-flies (Davis, 1996). The preference for peppermint of 
harnessed cockroaches 1 day after conditioning was less evident than that of cockroaches moving freely, 
probably because the training was less effective due to the stress. 
Insects have been shown to be pertinent models for studying the neural basis of olfactory learning 
and memory. In the honey bee, a mushroom body extrinsic neuron, PE1 neuron, has been suggested to be 
involved in short-term olfactory memory (Mauelshagen, 1993). Another neuron, VUMmx1 neuron 
projecting from the subesophageal ganglion to the antennal lobes, mushroom bodies and lateral 
protocerebrum, possibly mediates the reinforcing function of sucrose reward in classical olfaction 
conditioning (Hammer, 1993). However, more electrophysiological and pharmacological studies are 
needed to clarify the mechanisms underlying memory formation and retention at the levels of neurons and 
neural networks. I found that our classical conditioning procedure is effective even when cockroaches 
have been harnessed in plastic tubes. My procedure to use harnessed cockroaches provides a powerful 
metrological basis for electrophysiological and pharmacological experiments to study neural mechanisms 
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Fig. 1-1. (A) Typical time schedule for training and testing. Preference tests (PTs, open columns) were performed 1 
day before training (PT-0) and 30 min (PT-1) and 1 day (PT-2) after training (Tr, filled column). The white and black 
parts of the time bar indicate photophase (12 h) and scotophase (12 h), respectively. A typical stimulus schedule for 
training is shown. The hatched and shaded bars above the line indicate the presentation of peppermint and vanilla 
odors and the white and black squares below the line indicate the presentation of sucrose and saline solutions, 
respectively. For the appetitive conditioning trial, peppermint odor was associated with sucrose solution (reward), 
and for the aversive conditioning trial, vanilla odor was associated with saline solution (punishment). (B) 
Experimental arrangement for conditioning. A syringe containing sucrose or saline solution was used for 
conditioning. A filter paper soaked with peppermint or vanilla essence was attached to the needle of the syringe 
(left). The filter paper was placed within 1 cm of the cockroach's head so as to present a particular odor, and sucrose 
or saline solution was then presented to the mouth (right). (C) Diagrams of the testing chamber and odor source. The 
white half of the floor of the chamber is the "residence side", in which a refuge is placed and food and water are 
provided, and the gray half is the "testing side", in which odor source is placed during testing (left). An odor source 
is illustrated on the right side. The upper figure is a view from above the source, and the lower figure is a view of the 
vertical section. The gray and solid lines indicate a glass dish and a concave-shaped plastic cover, respectively. The 
broken double-line indicates filter papers soaked with vanilla or peppermint essence.
 
Fig. 1-2. A cockroach harnessed in a plastic tube. It can move its mouth and antennae freely.














Fig. 1-3. Odor preference of untrained cockroaches. The histogram shows the distribution of the peppermint 
preference index for each individual in a group of cockroaches. N is the number of cockroaches. Data from 
cockroaches that visited no odor sources were excluded from analysis. The average number of visits in untrained 








































Fig. 1-4. Effect of the number of differential conditioning trials. (A) Stimulus schedules. Cockroaches in groups 1, 2 
and 3 were subjected to one, two and three sets of differential conditioning trials with an ITI of 5 min, respectively. 
(B) Distributions of the peppermint preference index for each individual in groups 1-3 determined 30 min after 
conditioning.
ITI
group 1 ITI=30 sec
group 2 ITI=1 min
group 3 ITI=5 min













































Fig. 1-5. Effect of inter-trial interval (ITI). (A) Stimulus schedules. Four groups of cockroaches were subjected to 
three sets of differential conditioning trials with an ITI of 30 sec (group 1), 1 min (group 2), 5 min (group 3) and 15 
































Fig. 1-6. One-day retention of olfactory memory. (A) Time schedule for the training (Tr, filled column) and odor 
preference tests (PT, open columns). Cockroaches were subjected to three sets of differential conditioning trials with 
an ITI of 5 min. Odor preference was tested before (PT-0) and at 30 min (PT-1) and 1 day (PT-2) after conditioning. 
(B) Distribution of the peppermint preference index for each individual in tests PT-0, PT-1 and PT-2. Data from 


























Fig. 1-7. Four-day retention of olfactory memory. (A) Time schedule for the training (Tr, filled column) and odor 
preference tests (PT, open columns). Cockroaches were subjected to three sets of differential conditioning trials with 
an ITI of 5 min. Odor preference was tested 1 day (PT-1) and 4 days (PT-2) after training. (B) Distribution of the 
peppermint preference index for each individual in tests PT-1 and PT-2. Data from cockroaches that visited odor 
























Fig. 1-8. Effect of conditioning on cockroaches harnessed in plastic tubes. (A) Time schedule for the training (Tr, 
filled column) and odor preference tests (PT, open columns). Odor preference was tested before (PT-0) and at 1 day 
(PT-1) after training. (B) Distribution of the peppermint preference index for each individual in tests PT-0 and PT-1. 














Secretion of saliva to aid swallowing and digestion is a basic physiological function found in many 
vertebrates and invertebrates. In mammals, classical conditioning of salivation has been reported by 
Pavlov in dogs a century ago. However, conditioning of salivation in non-mammalian species has not 
been reported. In many species of insects, salivation is regulated by salivary neurons. In this study, I 
found that salivary neurons of the cockroach Periplaneta americana exhibited a prominent response to 
sucrose solution applied to the mouth and a weak response to odors applied to an antenna, and I studied 
the effect of conditioning on the activities of salivary neurons. After three sets of differential conditioning 
trials in which an odor was presented just before the presentation of sucrose solution and the other odor 
was presented alone, the response of salivary neurons to sucrose-associated odor significantly increased 
but that to the odor presented alone was unchanged. Backward pairing trials in which an odor was 
presented after the presentation of sucrose solution were not effective for achieving conditioning. Our 
study of the change in the level of saliva secretion in response to electrical stimulation of salivary neurons 
suggested that the magnitude of increase in odor response of salivary neurons by conditioning is sufficient 
to lead to an increased level of salivation. This study suggests classical conditioning of salivation in an 
insect. 
 
Key words: learning, memory, olfaction, taste, salivary neurons, insect 
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1. Introduction 
Pavlov reported classical conditioning of salivation in dogs in 1903 (Pavlov, 1927). In studying the 
mechanisms of digestion, Pavlov discovered that when a bell was regularly sounded just before feeding, 
the sound of the bell would eventually trigger salivation. He also showed lesions in several regions of the 
cerebral cortex affect classical conditioning of salivation (Grimsley and Windholz, 2000). Later studies on 
lesions and electrical stimulations of various brain regions in dogs and rats have suggested that many 
regions of the brain, including the orbital cortex, are involved in classical conditioning of salivation 
(Danilova, 1981, 1983). However, the cellular mechanisms underlying classical conditioning of salivation 
remain obscure due to the complexity of information processing in the mammalian brain (Kandel et al., 
2000). 
It has been shown that classical conditioning by repeated pairing of a conditioning stimulus (CS), 
such as the sound of a bell, and an unconditioned stimulus (US), such as food, is very common among 
many vertebrates (Passe and Walker, 1985) and invertebrates (Menzel, 1999; Lechner et al., 2000). 
However, as far as I know, classical conditioning of salivation has so far been reported only in mammals. 
Since secretion of saliva to aid swallowing and digestion is a basic physiological function found in many 
animals, including flatworms (Orido et al., 1998) and nematodes (Zunke, 1990), the following question 
arises: Is classical conditioning of salivation specific to mammals that are equipped with elaborated 
autonomous nervous systems? 
The control of salivary secretion has been the subject of detailed study in insects such as 
cockroaches and locusts (Ali, 1997). In cockroaches, salivation is regulated by salivary neurons that 
comprise the salivary duct nerve (SDN), which innervates the salivary glands (Whitehead, 1971; Rietdorf 
et al., 2003). The SDN consists of two neurons with large-diameter (3-4 μm) axons (salivary neurons 1 
and 2, SN1 and SN2) and several neurons with small-diameter (~1 μm) axons (Whitehead, 1971), the 
cell bodies of the former neurons being located in the suboesophageal ganglion (SEG) (Gifford et al., 
1991; Ali, 1997). The latter neurons have been reported to belong to the stomatogastric nervous system 
(Davis, 1985; Ali, 1997). 
Immunohistochemical studies suggest that SN1 is dopaminergic (Elia et al., 1994) and that 
small-diameter neurons are serotonergic (Davis, 1985), and in vitro application of dopamine and serotonin 
to salivary glands induces secretion of protein-free saliva and protein-rich saliva, respectively (Just and 
Walz, 1996). The neurotransmitter of SN2 has not yet been determined. In the locust, salivary neurons 
 21
exhibit activity during feeding (Baines et al., 1989; Schachtner and Bräunig, 1993) and this activity is 
modulated by activity of the mouthpart motor pattern generator (Rast and Bräunig, 2001). However, 
responses of salivary neurons to food-associated sensory stimuli, such as taste or olfactory stimuli, have 
not been studied. 
Cockroaches can be trained to associate olfactory CSs with gustatory USs by an operant (Sakura 
and Mizunami, 2001; Sakura et al., 2002) or a classical conditioning procedure (Watanabe et al., 2003). 
The latter procedure is effective for both freely moving and restrained cockroaches. Here I report that 
responses of salivary neurons to an odor significantly increased after repeated pairing of the odor with 
sucrose reward. Moreover, I suggest that the observed increase in odor response of salivary neurons after 
conditioning (5-10 Hz) is sufficient to lead to an increased level of saliva secretion. Our results provide a 
unique opportunity to study cellular mechanisms of conditioning of activities of salivary neurons in 
animals whose central nervous systems are accessible to detailed electrophysiological analysis. 
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2. Materials and Methods 
2.1. Insects 
Adult male cockroaches, Periplaneta americana, were obtained from a laboratory colony maintained 
under a light-dark cycle (LD 12:12) at 26-28. One week before the start of the experiment, a group of 
10-20 cockroaches was placed in a chamber. The wall of the chamber was smeared with liquid paraffin to 
prevent the cockroaches from escaping, and the floor was covered with black cardboard. There was a 
wooden refuge and two small cups, one supplying sugar-free yeast extract and the other supplying water. 
In order to enhance motivation of the cockroaches to uptake sucrose, the cockroaches were fed a diet of 
sugar-free yeast extract. Drinking water was available ad libitum. 
 
2.2. Metal fillings of salivary neurons 
Backfills and forwardfills of the SDN were made for each of 20 animals. Each animal was anaesthetized 
with ice for 1-2 hours. After removal of its legs and wings, it was pinned ventral-side-up on a wax-coated 
dish and the cuticle of the ventral part of the neck was removed. One SDN was cut and its proximal or 
distal cut-stump was inserted into a plastic tube filled with a solution containing 0.16 M NiCl2 and 0.04 M 
CoCl2 (Okada et al., 2003). The preparations were kept in a moist chamber at 4 ℃ for 4 days. 
After backfilling, the ventral cuticle of the head was removed to expose the SEG. After forwardfilling, 
the ventral cuticle of the thorax was removed to expose the salivary gland. Then one or two droplets of 
rubeanic acid were applied onto the SEG or the salivary gland for 3-5 minutes to precipitate the metals 
(Okada et al., 2003). The SEG or the salivary gland was rinsed many times with cockroach saline 
(Yamasaki and Narahashi, 1959), dissected out, fixed in 3-4% paraformaldehyde in cockroach saline for 
30-60 minutes, dehydrated in a graded series of ethanol, cleared in methyl salicylate, and observed as 
whole mounts under a light microscope. After observation of the specimens, they were rehydrated in an 
ascending series of ethanol. Then the specimens were intensified with silver (Bacon and Altman, 1977) 
and observed as whole mounts. Digital images were taken using a digital camera (CAMEDIA C-3040 
ZOOM; Olympus, Tokyo, Japan) and were processed using Adobe Photoshop 7.0. 
 
2.3. Extracellular recordings of activities of salivary neurons 
I used two preparations for extracellular recordings from the SDN. In one preparation (called semi-intact 
preparation), an animal was anaesthetized with ice for 0.5-1 hour, its wings were removed, and it was 
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restrained on a wax-coated dish ventral-side-up with thin plastic plates at the neck and between the thorax 
and abdomen. Then the legs and antenna were fixed with low-melting wax and staples, respectively. In 
another preparation (called highly dissected preparation), the esophagus was punctured to prevent its 
expansion during chronic recording, and the neck and the cerci were fixed with low-melting wax. The 
advantage of the latter preparation is that the movement of the head and the esophagus and also the 
resulting artifact in the recording were less frequent and this facilitated reliable segregation of unit 
activities. In both preparations, the restrained animal could move its mouthparts freely.  
Semi-intact preparations and highly dissected preparations were kept in a moist chamber at 26-28 ℃ 
overnight and for 1-2 hours, respectively, and then a small incision was made in the ventro-lateral sclerite 
of the neck to expose the salivary duct. Since the SDN runs along the surface of the salivary duct (see Fig. 
2-3.C), one SDN, as well as the salivary duct, was hooked on a pair of tungsten electrodes (Fig. 2-1.A). 
To prevent drying of the SDN, the salivary duct was covered with a mixture of white Vaseline and liquid 
paraffin saturated with cockroach saline. 
The activity of the SDN was amplified with a differential AC amplifier (DAM80, World Precision 
Instruments, Sarasota, FL USA) and displayed on an oscilloscope and a digital recorder (Omniace, NEC, 
Tokyo, Japan). Data were stored on DAT tapes (PC208AX, SONY, Tokyo, Japan). Activities of individual 
units were segregated out using a window discriminator equipped with a spike counter (MET1100, 
NIHON KOHDEN, Tokyo, Japan). 
 
2.4. Effects of surgical ablation of salivary neuron 1 or 2 on activities of one SDN 
To determine which of the units of the SDN reflect activities of salivary neurons 1 and 2 (SN1 and SN2) 
(see Fig. 2-3), the SEG was exposed by removing ventral parts of the neck and labia in highly-dissected 
preparations, and the part of the SEG where the cell body of SN1 or SN2 was located was surgically 
ablated by a fine needle or scissors, and the resulting change in activities of one SDN was studied. When 
one of the units of the SDN was removed by surgery, the SDN was cut and backfilled with metal to 
confirm which of the neurons, SN1 or SN2, had been ablated.  
 
2.5. Taste and olfactory stimulation 
The continuous airflow system used to deliver odor stimulation to an antenna of the immobilized animal 
was described previously (Nishino et al., 2003). In short, air passed through a small chamber containing a 
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piece of filter paper soaked with 40μl of an extract of vanilla or peppermint could be delivered by 
operating a solenoid valve, without changing the flow rate. The air around the antenna was continuously 
sucked out of the room through a vacuum system. For gustatory stimulation, the mouth was gently 
touched with a wooden stick soaked with 10% sucrose solution, 20% sodium chloride solution or distilled 
water. To avoid sensory adaptation, odor or taste stimuli were applied with an interval of >30 sec. 
 
2.6. Classical conditioning procedures 
The classical conditioning procedures used in this study were modified from those used for cockroaches 
(Watanabe et al., 2003) and crickets (Matsumoto and Mizunami, 2002, 2004). Five sets of forward or 
backward CS/US pairing trials were performed on immobilized animals during recording of the activities 
of the SDN. One set of “P+V-” or “V+P-” forward-pairing trial consisted of a presentation of peppermint 
or vanilla odor 2 sec prior to the presentation of sucrose solution and subsequent presentation of vanilla or 
peppermint odor without pairing with sucrose reward, respectively (Fig. 2-1.B). One set of P+V- 
backward-pairing trial consisted of a presentation of peppermint odor 4 sec after the presentation of 
sucrose solution and subsequent unpaired presentation of vanilla odor (Fig. 2-1.C). The interval between 
trials was 5 min. In a control experiment, peppermint and vanilla odors were alternately presented five 
times without pairing with sucrose solution (CS alone, Fig. 2-1.D). The interval between odor stimuli was 
5 min. In another control experiment, sucrose solution was presented five times without pairing with 
odors (US alone, Fig. 2-1.E). The interval between sucrose solution stimuli was 10 min. The duration of 
the odor or sucrose stimulation was 4 sec.  
In experiments to study short-term retention of the conditioning effect, responses to vanilla and 
peppermint odors presented three to five times >10 min prior to conditioning or control trials were 
compared with responses to these odors presented at 1 or 5 min and 30 min after conditioning trials or 
with responses to these odors presented at 6 and 35 min after control trials (presentation of US alone). 
The duration of the stimulation was 2 sec and the interval between stimulations was >10 sec. The 
measurement was initiated >15 min after completing the set-up of electrophysiological recording to 
stabilize the preparation.  
In an experiment to study 1-day retention of the conditioning effect, a group of immobilized 
cockroaches was subjected to P+V- forward- or P+V- backward-pairing trials. Cockroaches were kept in a 
moist chamber at 26-28 ℃ for one day, and then the ventral cuticle of the neck was removed and 
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activities of the salivary duct nerve were recorded to study their responses to peppermint or vanilla odor. 
 
2.7. Measurements of salivation in response to electrical stimulation of the SDN 
Secretion of saliva from a salivary duct in response to electrical stimulation of an SDN was measured in a 
highly dissected preparation. One SDN was hooked on two pairs of tungsten electrodes (Fig. 2), the distal 
pair of which was used for electrically stimulating the SDN and the proximal pair of which was used for 
monitoring resulting spikes of salivary neurons. The salivary duct was exposed and cut at the site where it 
enters the head capsule, and the distal cut-stump was inserted into a plastic chamber that had a hole in the 
upper part. The tip of the plastic chamber was covered with white Vaseline to prevent leakage of saliva 
(Fig. 2-2.). Brief (0.2 msec in duration) square-wave pulses were delivered to the SDN by a stimulator 
equipped with an isolator (SEN-3301, NIHON KOHDEN, Tokyo, Japan). The SDN was stimulated at 5 
Hz for 2, 5, 10, 20 or 40 sec with intervals of 6 min. 
Fluid secreted from the duct to the plastic chamber was drawn into a plastic capillary (inner diameter: 
200 μm) every 1 min, and the length of the fluid column was measured for calculating the volume of the 
fluid (Fig. 2-2). The measurement was initiated >10 min after completing the set-up of preparation to 
stabilize the salivation. 
 
2.8. Data analysis 
Salivary neurons exhibited spontaneous spike discharges (Figs. 2-4, 2-5). The magnitude of responses of 
salivary neurons to odor stimulation was measured as relative increase in spike frequency from the 
spontaneous level, i.e., 100(R-Ro)/Ro (%), where R and Ro are spike frequency during the first 2 sec of 
odor stimulation and that during a 2-sec period before odor stimulation, respectively.  
All statistical evaluation was performed using Microsoft Excel and Excel statistics software programs 
(Esumi, Tokyo, Japan). In most cases, odor response data fitted to the normal distribution, and the paired 
t-test was used to evaluate the data. However, the distribution of data for SN1 obtained from the highly 
dissected preparation and non-parametric Wilcoxon’s test (WCX-test) was used for statistical evaluation. 
The data for secreted volume of saliva for 1-min periods before and after the onset of electrical 
stimulation of the SDN were also deviated from the normal distribution and were thus compared by using 
Wilcoxon’s test (WCX-test). 
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3. Results 
I first briefly describe morphologies of salivary neurons comprising the SDN to facilitate interpretation of 
their sensory responses. Backfills from the SDN revealed two neurons with large cell bodies in the SEG 
(Fig. 2-3.A, B), the morphology of which matched salivary neurons 1 and 2 (SN1 and SN2) reported 
previously (Gifford et al., 1991; Elia et al., 1994). The cell body of SN1 is located at the antero-ventral 
surface of the SEG and that of SN2 is located posterior to that of SN1. Dendrites of SN1 are located in 
dorsal and ventral parts of the mandibular and maxillary neuromere, and dendrites of SN2 are located in 
the ventral part of maxillary and labial neuromeres (Fig. 2-3.B). Forwardfills of the SDN revealed the 
existence of two large-diameter neurons (Fig. 2-3.C, black arrowhead) and at least one small-diameter 
neurone (Fig. 2-3.C, white arrowhead) along the salivary duct. The former two neurons obviously 
correspond to SN1 and SN2, while no axons or cell bodies corresponding to the latter were stained in the 
SEG, in agreement with previous reports that these neurons belong to the stomatogastric nervous system 
(Davis, 1985; Ali, 1997). 
 
3.1. Spontaneous activity of the SDN 
I performed chronic extracellular recordings from the SDN. The SDN generated spontaneous spike 
activities, from which I discriminated three to five units with different amplitudes (Figs. 2-4.A left, B left, 
5), which were segregated into two large amplitude units and one to three small amplitude units. One 
large unit exhibited a spontaneous spike activity of a low frequency (0-10 Hz) and the other large unit 
exhibited firing at a higher frequency (10-30 Hz). In most (>80%) recordings, the low-frequency unit was 
the largest in amplitude and the higher-frequency unit was the second largest (Figs. 2-4.C, A left, B left, 
5).  
 
3.2. Identification of unit activities corresponding to SN1 and SN2 
In order to determine which units of the SDN reflect the activities of SN1 and SN2, I surgically ablated 
the part of the SEG where the cell body of SN1 or SN2 was located, and the resulting loss of unit 
activities of the SDN was studied. After recordings, the SDN was backfilled to examine which of the 
salivary neurons was ablated (Fig. 2-4.C, D). In all preparations where the lower-frequency unit with the 
largest amplitude disappeared after surgery (N=10), post-mortal histology revealed that the cell body and 
some dendrites of SN1 had been eliminated (Fig. 2-4.C). In contrast, in all preparations where the higher 
 27
frequency unit with the second-largest amplitude disappeared after surgery (N=10), the cell body and 
some dendrites of SN2 had disappeared (Fig. 2-4.D). In subsequent sections, I focus on two large units of 
the SDN and thus on two large salivary neurons (SN1 and SN2). 
 
3.3. Responses of salivary neurons to taste or odor stimuli 
Both SN1 and SN2 exhibited a prominent increase in spike frequency when 10% sucrose solution, 20% 
sodium chloride solution or distilled water was applied to the mouth (Fig. 2-5), although responses to 
distilled water were weaker than those to sucrose or saline solution. Taste stimulation often induced a 
movement of the mouthpart and the esophagus, and salivary neurons exhibited an increase in spike 
frequency in response to the movement of the mouthpart. In most recordings, quantitative evaluation of 
taste responses of these units was difficult due to occasional large artifacts induced by vigorous 
movement of the mouth and the esophagus (Fig. 2-5, small arrow). Both salivary neurons responded very 
weakly to peppermint or vanilla odor applied to an antenna (Examples of neural activities during odor 
responses are shown in Fig. 2-6.A and averaged odor responses before training are shown in Figs. 2-7, 
2-8.). Odor stimulation occasionally induced a slight movement of the mouth and esophagus, but this 
usually did not prevent reliable discrimination of neural activities from atrifacts; recordings of odor 
responses in which there was ambiguity in discriminating neural activities from artifacts (which represent 
<5% of the total number of recordings) were excluded from data evaluation.  
 
3.4. Effects of conditioning on odor responses of salivary neurons 
Studies on the effect of conditioning on odor responses of salivary neurons were carried out using two 
preparations, i.e., semi-intact preparations and highly dissected preparations. In the former preparations, 
occasional movement of the mouth or the esophagus and resulting artifacts often prevented reliable 
segregation of SN1 and SN2. Thus, the responses were evaluated as the sum of activities of SN1 and SN2. 
In the latter preparations, reliable segregation of activities of SN1 and SN2 was achieved. Results from 
the former preparations are shown in Figs. 2-4 – 2-7 and those from the latter preparations are shown in 
Fig. 2-8. Two groups of cockroaches used for semi-intact preparations were each subjected to five sets of 
P+V- or V+P- forward-pairing trials during chronic recording of the activities of their salivary neurons. 
Each set of P+V- or V+P- forward-pairing trials consisted of presentation of peppermint or vanilla odor 2 
sec prior to the onset of presentation of sucrose reward to the mouth and subsequent presentation of 
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vanilla or peppermint odor without pairing with sucrose reward, respectively (Fig. 2-1.B). Responses 
were measured as relative increase in spike frequency for the first 2 sec of odor stimulation to that for a 
2-sec period just before odor stimulation.  
The effect of conditioning was evaluated, at first, by comparing summed responses of SN1 and SN2 to 
sucrose-associated odors after conditioning with those before conditioning (Fig. 2-7). In the P+V- 
conditioning group (Fig. 2-7.A), the magnitudes of responses to peppermint odor after the first, third and 
fourth sets of conditioning trials were significantly greater than the magnitude of response before 
conditioning (t-test, N=20; trial 0 vs trial 1: P=0.035, df=19, t=2.272; trial 0 vs trial 3: P=0.043, df=19, 
t=2.167; trial 0 vs trial 4: P=0.02, df=19, t=2.549), although the magnitude of responses after the second 
trial did not significantly differ from that before conditioning (t-test, N=20, P=0.142, df=19, t=1.533). In 
the V+P- conditioning group (Fig. 2-7.B), the magnitude of response to vanilla odor after the first, second, 
third and fourth sets of conditioning trials were significantly greater than the magnitudes of responses 
before conditioning (t-test, N=20; trial 0 vs trial 1: P=0.026, df=19, t=2.418; trial 0 vs trial 2: P=0.004, 
df=19, t=3.289; trial 0 vs trial 3: P=0.0002, df=19, t=4.526; trial 0 vs trial 4: P=0.009, df=19, t=2.905). In 
contrast, the magnitudes of responses to the odor presented alone after the first, second, third and fourth 
unpaired presentations did not significantly differ from the magnitude of initial response for both the 
P+V- group (Fig. 2-7.A, t-test, N=20; trial 0 vs trial 1: P=0.619, df=19, t=0.506; trial 0 vs trial 2: P=0.576, 
df=19, t=0.572; trial 0 vs trial 3: P=0.282, df=19, t=1.108; trial 0 vs trial 4: P=0.093, df=19, t=1.77) and 
the V+P- group (Fig. 2-7.B, t-test, N=20; trial 0 vs trial 1: P=0.288, df=19, t=1.304; trial 0 vs trial 2: 
P=0.098, df=18, t=1.743; trial 0 vs trial 3: P=0.953, df=18, t=0.06; trial 0 vs trial 4: P=0.957, df=18, 
t=0.05).  
In one control group of cockroaches (CS alone group, Fig. 2-1.D), peppermint and vanilla odors were 
alternately presented five times without pairing with sucrose reward (Fig. 2-7.C). The magnitudes of 
responses to peppermint and vanilla odors after the first, second, third and fourth unpaired presentations 
did not significantly differ from the magnitude of initial response (t-test, N=21; peppermint, trial 0 vs trial 
1: P=0.419, df=20, t=0.825; trial 0 vs trial 2: P=0.485, df=19, t=0.711; trial 0 vs trial 3: P=0.2, df=17, 
t=1.334; trial 0 vs trial 4: P=0.837, df=19, t=0.208; vanilla, trial 0 vs trial 1: P=0794, df=17, t=0.265; trial 
0 vs trial 2: P=0.832, df=17, t=0.215; trial 0 vs trial 3: P=0.636, df=18, t=0.482; trial 0 vs trial 4: P=0.497, 
df=18, t=0.693). Thus, presentations of odor (CS) alone had no significant effect on subsequent responses 
to that odor. 
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The conditioning effect was also evaluated by comparing the responses to sucrose-associated odor with 
those to the odor presented alone. Before the first set of conditioning trials, the magnitude of responses to 
peppermint odor did not significantly differ from that to vanilla odor in both the P+V- group (t-test, N=20, 
P=0.678, df=19, t=0.422) and the V+P- group (t-test, N=20, P=0.157, df=19, t=1.475). However, after the 
first, second, third, and fourth sets of P+V- conditioning trials, the magnitudes of responses to 
sucrose-associated peppermint odor were significantly greater than the magnitudes of responses to vanilla 
odor presented alone (t-test, N=20; trial 1: P=0.008, df=19, t=2.988; trial 2: P=0.019, df=19, t=2.571; trial 
3: P=0.006 df=19, t=3.091; trial 4: P=0.004, df=19, t=3.307). Similarly, after the second, third, and fourth 
sets of V+P- conditioning trials, the magnitudes of responses to sucrose-associated vanilla odor were 
significantly greater than the magnitudes of responses to peppermint odor presented alone (t-test, N=20; 
trial 2: P=0.01, df=18, t=2.869; trial 3: P=0.024 df=18, t=2.471; trial 4: P=0.049, df=18, t=2.11). In the 
CS alone group, the magnitude of responses to peppermint odor did not significantly differ from that to 
vanilla odor (t-test, N=21; trial 0: P=0.269, df=18, t=1.14; trial 1: P=0.913, df=18, t=0.11; trial 2: P=0.509, 
df=17, t=0.675; trial 3: P=0.509, df=16, t=0.224; trial 4: P=0.548, df=19, t=0.611). I conclude that three 
sets of conditioning trials are sufficient to achieve a significant level of conditioning. 
 
3.5. Short-term retention and effects of backward pairing 
Retention of the conditioning effect was tested at 1 min and 30 min after five sets of conditioning trials in 
the P+V- and V+P- forward-pairing groups. Examples of responses of salivary neurons to 
sucrose-associated odor (peppermint odor) and to the odor presented alone (vanilla odor) at 30 min after 
five sets of differential conditioning trials are shown in Fig. 2-6. Both SN1 and SN2 exhibited responses 
to sucrose-associated peppermint odor, while they exhibited much less prominent responses to the vanilla 
odor presented alone. 
The magnitudes of summed responses of SN1 and SN2 to sucrose-associated odor at 1 min or 30 min 
after conditioning were significantly greater than those before conditioning in both the P+V- (Fig. 2-8.A; 
t-test, N=20; before vs 1 min after training: P=0.0003, df=19, t=4.489; before vs 30 min after training: 
P=0.009, df=19, t=2.887) and V+P- forward-conditioning groups (Fig. 2-8.B; t-test, N=20; before vs 1 
min after training: P=0.002, df=19, t=3.515; before vs 30 min after training: P=0.025, df=19, t=2.43). 
Retention of the conditioning effect was also evaluated by comparing the responses to sucrose-associated 
odors with those to odors presented alone. Before conditioning, the magnitude of responses to peppermint 
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odor did not significantly differ from the magnitude of responses to vanilla odor in both the P+V- group 
(Fig. 2-8.A; t-test, N=20, P=0.992, df=19, t=0.01) and the V+P- group (Fig. 2-8.B, t-test, N=20, P=0.102, 
df=19, t=1.72). At 1 min and 30 min after conditioning, the magnitudes of responses to sucrose-associated 
odor were significantly greater than the magnitude of responses to the odor presented alone in the P+V- 
group (Fig. 2-8.A; t-test, N=20; 1 min after training: P=0.00005, df=19, t=5.2; 30 min after training: 
P=0.000002, df=19, t=6.752) and the V+P- group (Fig. 2-8.B; t-test, N=20; 1 min after training: P=0.0005, 
df=19, t=4.207; 30 min after training: P=0.0003, df=19, t=4.362). The results indicate that the effect of 
conditioning is retained for 30 min after conditioning. 
The magnitude of responses to sucrose-associated peppermint odor at 30 min after conditioning was 
significantly less than that 1 min after conditioning (Fig. 2-8.A; t-test, N=20, P=0.002, df=19, t=3.673). In 
contrast, the magnitude of responses to sucrose-associated vanilla odor at 30 min after conditioning did 
not significantly differ from that 1 min after conditioning (Fig. 2-8.B; t-test, N=20, P=0.885, df=19, 
t=0.146). It was, however, uncertain whether or not this was due to the odor-specific decay of memory, 
since the magnitude of responses to the odor presented alone at 30 min after conditioning was also 
significantly less than that before or 1 min after conditioning in both the P+V- group (Fig. 2-8.A; t-test, 
N=20; before vs 30 min after training: P=0.004, df=19, t=3.313; 1 min vs 30 min after training: P=0.007, 
df=19, t=3.029) and the V+P- group (Fig. 2-8.B; t-test, N=20; before vs 30 min after training: P=0.017, 
df=19, t=2.608; 1 min vs 30 min after training: P=0.015, df=19, t=2.662), while the magnitude of 
responses at 1 min after conditioning did not significantly differ from that before conditioning in the P+V- 
group (Fig. 2-8.A; t-test, N=20, P=0.12, df=19, t=0.12) and the V+P- group (Fig. 2-8.B; t-test, N=20, 
P=0.686, df=19, t=0.411). Therefore, the possibility that the decay of odor responses from 1 min to 30 
min after conditioning is due to deterioration of the preparation cannot be excluded. 
I next studied the effect of five sets of backward CS/US pairing trials in another group of animals (Fig. 
2-8.C). One backward-pairing trial consisted of presentation of peppermint odor 4 sec after the onset of 
presentation of sucrose reward and subsequent unpaired presentation of vanilla odor (Fig. 2-1.C, 
backward pairing). The magnitude of summed responses of SN1 and SN2 to peppermint odor at 1 min or 
30 min after backward-pairing trials did not significantly differ from that before trials (t-test, N=23; 
before vs 1 min after training: P=0.906, df=22, t=0.119; before vs 30 min after training: P=0.074, df=22, 
t=1.879; 1 min vs 30 min after training: P=0.332, df=22, t=0.992). The magnitude of responses to 
unpaired vanilla odor at 1 min and 30 min after training did not significantly differ from that before trials 
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(t-test, N=23; before vs 1 min after training: P=0.92, df=22, t=0.102; before vs 30 min after training: 
P=0.055, df=22, t=2.024; 1 min vs 30 min after training: P=0.143, df=22, t=1.52). 
The effect of backward pairing was also evaluated by comparing the responses to backward-paired 
odors and those to odors presented alone. The magnitudes of responses to backward-paired peppermint 
odor did not significantly differ from that to unpaired vanilla odors before and at 1 min and 30 min after 
conditioning (Fig. 2-8.C; t-test, N=23; before training: P=0.689, df=22, t=0.405; 1 min after training: 
P=0.866 df=22, t=0.17; 30 min after training: P=0.809, df=22, t=0.244). The results indicate that 
backward pairing is not effective for achieving conditioning of odor responses of salivary neurons. 
In another control experiment, sucrose solution (US) was presented 5 times without pairing with odor 
(Fig. 2-8.D; see also Fig. 2-1.E). The magnitudes of summed responses of SN1 and SN2 to odor 
stimulation measured at 6 and 35 min after presentations of US alone did not significantly differ from 
those before presentations of US alone for both peppermint odor (t-test, N=19; before vs 6 min after US 
alone trials: P=0.504, df=18, t=0.682; before vs 35 min after US alone trials: P=0.222, df=18, t=1.265; 6 
min vs 35 min after US alone trials: P=0.176, df=18, t=1.408) and vanilla odor (t-test, N=19; before vs 6 
min after US alone trials: P=0.34, df=18, t=0.98; before vs 35 min after US alone trials: P=0.717, df=18, 
t=0.368; 6 min vs 35 min after US alone trials: P=0.238, df=18, t=1.221). Moreover, the magnitudes of 
responses to peppermint odor and those to vanilla odor did not significantly differ before and at 6 min and 
35 min after presentations of sucrose solution alone (t-test, N=19; before trials: P=0.482, df=18, t=0.81; 6 
min after US alone trials: P=0.707 df=18, t=0.381; 35 min after US alone trials: P=0.609, df=18, t=0.521). 
Thus, presentations of sucrose solution alone had no effects on odor responses of salivary neurons. 
 
3.6. One-day retention of the conditioning effect 
Retention of the conditioning effect was tested one day after training. Immobilized animals were 
subjected to five sets of P+V- forward-pairing or backward-pairing trials. The preparations were kept in a 
moist chamber, and at ~24 hours after conditioning, the ventral cuticle of the neck was removed and the 
activity of the SDN was recorded. In the P+V- forward-pairing group, the magnitude of summed 
responses of SN1 and SN2 to peppermint odor was significantly greater than that to vanilla odor (Fig. 
2-9; t-test, N=18, P=0.005, df=17, t=3.211). In the backward-pairing group, the magnitude of responses to 
peppermint odor did not significantly differ from that to vanilla odor (Fig. 2-9; t-test, N=23, P=0.948, 




3.7. Effects of conditioning on individual salivary neurons 
I studied the effect of conditioning for each of the salivary neurons, SN1 and SN2. In order to achieve 
reliable segregation of SN1 and SN2, recordings were made in highly dissected preparations (see 
Materials and Methods), in which movement of the mouth or the esophagus and the resulting artifact 
occurred only very rarely. Recordings of odor responses in which there was ambiguity in discriminating 
activities of SN1 and SN2 (which represent <5% of the total number of recordings) were excluded from 
data evaluation.  
Five sets of P+V- forward-pairing trials were performed. I noted that the distribution of data for SN1 
deviated from the normal distribution. This was because in many, but not all cases, SN1 fired somewhat 
irregularly with a spike frequency of 0-10 Hz (Fig. 2-4.C, D left, Fig. 2-5). Thus, I used non-parametric 
Wilcoxson’s test for statistical evaluation of data for SN1.  
The magnitude of responses of both SN1 (Fig. 2-10.A) and SN2 (Fig. 2-10.B) to sucrose-associated 
peppermint odor at 5 min or 30 min after P+V- conditioning was significantly greater than the magnitude 
of responses before conditioning (SN1, WCX-test, N=22; before vs 5 min after training: P<0.01, T=45; 
before vs 30 min after training: P<0.05, T=62; SN2, t-test, N=22; before vs 5 min after training: P=0.003, 
df=21, t=3.301; before vs 30 min after training: P=0.002, df=21, t=3.577). Typically, the increase of the 
response to sucrose-associated peppermint odor at 5 min after conditioning, compared to that before 
conditioning, was 5-10 Hz for both units. The magnitude of response to sucrose-associated peppermint 
odor at 30 min after conditioning did not significantly differ from that at 5 min after conditioning (SN1, 
WCX-test, N=22, P>0.05, T=87; SN2, T-test, N=22, P=0.095, df=21, t=1.749). The magnitude of 
response to the odor presented alone (vanilla odor) after 5 min and 30 min did not significantly differ 
from that before conditioning (SN1, WCX-test, N=22; before vs 5 min after training: P>0.05, T=96; 
before vs 30 min after training: P>0.05, T=89; 5 min vs 30 min after training: P>0.05, T=118; SN2, t-test, 
N=22; before vs 5 min after training: P=0.36, df=21, t=0.937; before vs 30 min after training: P=0.92, 
df=21, t=0.102; 5 min vs 30 min after training: P=0.194, df=21, t=1.342).  
The effect of conditioning on the responses of SN1 or SN2 was also evaluated by comparing the 
responses to sucrose-associated peppermint odor and those to vanilla odor presented alone. Before 
conditioning, the magnitudes of responses of SN1 (Fig. 2-10.A) and SN2 (Fig. 2-10.B) to peppermint 
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odor did not significantly differ from the magnitudes of responses to vanilla odor (SN1, WCX-test, N=22, 
P>0.05, T=65; SN2, t-test, N=22, P=0.542, df=21, t=0.62). At 5 or 30 min after conditioning, however, 
the magnitude of responses to sucrose-associated peppermint odor was significantly greater than the 
magnitude of responses to unpaired vanilla odor for SN1 (WCX-test, N=22; 5 min after training: P<0.01, 
T=48; 30 min after training: P<0.01, T=22) and SN2 (t-test, N=22, 5 min after training: P=0.001, df=21, 
t=3.815; 30 min after training: P=0.00003, df=21, t=5.342). Therefore, conditioning is successful for both 
SN1 and SN2. 
 
3.8. Saliva secretion upon electrical stimulation of one SDN 
I noted that both SN1 and SN2 exhibited an increase in the response for 5-10 spikes/sec for the first 2 sec 
of odor stimulation after five sets of forward-pairing trials in which to associate the odor with sucrose 
solution. I asked whether or not the increase in responses of salivary neurons by conditioning is sufficient 
to induce an increased level of saliva secretion. I measured the change in the level of saliva secretion from 
one salivary duct in response to electrical stimulation of one SDN in highly dissected preparations. Brief 
(0.2 msec) square-wave pulses were delivered to the SDN by a pair of hook electrodes at 5 Hz for 2, 5, 10, 
20 and 40 sec with intervals of 6 min, and evoked compound action potentials were monitored by another 
pair of hook electrodes, so that the intensity of the stimulus could be adjusted at just above the threshold 
of spikes of large salivary neurons (~5V). I deduced that spikes were not evoked in smaller-diameter 
neurons of the SDN, since they should have higher threshold for spike generation.  
I found that the level of saliva secretion is continuously maintained and that the level increased in 
response to electric stimulation of the SDN (Fig. 2-11). The increase was statistically significant for all 2-, 
5-, 10-, 20- and 40-sec stimulations (WCX-test, N=12; 2 sec stimulation: P<0.01, T=5; 5 sec stimulation: 
P<0.05, T=8; 10 sec stimulation: P<0.01, T=3; 20 sec stimulation: P<0.05, T=13; 40 sec stimulation: 
P<0.01, T=5). The results suggest that increased response of salivary neurons after conditioning is 
sufficient to lead to increased level of salivation.  
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4. Discussion 
4.1. Major findings 
Classical conditioning of salivation has been extensively studied in mammals, especially in dogs (Pavlov, 
1927; Miler, 1969; Harris and Brady, 1974), but, as far as I know, it has not been reported in any 
non-mammalian species. In insects such as cockroaches and locusts, secretion of saliva is controlled by 
salivary neurons of the SEG (Whitehead, 1973; Smith and House, 1977; House and Smith, 1978; Baines 
and Tyrer, 1989). Here I reported that the responses of two large salivary neurons (SN1 and SN2) to an 
odor significantly increase after repeated pairing of the odor with sucrose solution in cockroaches. The 
increase in the response of both SN1 and SN2 was 5-10 spikes/sec for the first 2 sec of odor stimulation 
after conditioning, and electrical stimulation of the SDN at 5 Hz for 2 sec or longer led to significantly 
increased saliva secretion. The latter finding is in accordance with results of previous reports on secretory 
response of the salivary gland to electrical stimulation of the SDN, measured for salivary glands isolated 
from cockroaches Nauphoeta cinerea (House and Smith, 1978) and locusts (Baines and Tyrer, 1989). The 
results suggest that the increase in odor response of salivary neurons due to conditioning is sufficient to 
lead to an increase in the level of salivation.  
Findings in this study suggest classical conditioning of salivation in the cockroach, and direct 
behavioral evidence for this is provide in the next chapter. 
 
4.2. Taste and odor responses of salivary neurons 
Both of the two large salivary neurons exhibited spontaneous activity and this should lead to a 
spontaneous level of saliva secretion. Salivary neurons exhibited a prominent increase in spike frequency 
in response to sucrose or saline solution applied to the mouth and also exhibited a very weak response to 
peppermint or vanilla odor applied to an antenna. Activation of salivary neurons in response to 
food-predicting odor and food-associated taste stimulation is no doubt functionally significant for 
effective feeding.  
I also observed that both SN1 and SN2 exhibited activities during movement of the mouthpart. This 
is in accordance with an observation that activities of salivary neurons were modulated by activity of the 
mouthpart motor pattern generator in locusts (Rast and Bräunig, 2001). The present finding that salivary 
neurons receive signals related to feeding motor activity as well as food-predicting olfactory signals and 
food-associated gustatory signals may match morphologies of their dendrites. The ventral part of the SEG 
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is thought to participate mainly in sensory processing and the dorsal part of the SEG is thought to 
participate mainly in motor function (Rehder, 1988; Tyrer and Gregory, 1982), and salivary neurons have 
dendrites in both dorsal and ventral parts of the SEG. Notably, dendrites of SN1 are mainly located in the 
dorsal and ventral parts of mandibular and maxillary neuromeres, and dendrites of SN2 are mainly 
located in the ventral part of maxillary and labial neuromeres (Figs. 3B, 4C, D). How this different 
dendritic morphology reflects different functions of SN1 and SN2 remains a subject of future study. 
 
4.3. Effects of conditioning on odor response of salivary neurons 
I have shown that appetitive conditioning trials to associate an odor with sucrose reward lead to an 
increased preference for that odor in a dual-choice test (Watanabe et al., 2003), and I found in the present 
study that the same classical conditioning leads to an increase in response of salivary neurons to the odor 
associated with sucrose reward. It should be noted, however, that salivary neurons are activated in 
response to both appetitive (sucrose) and aversive (saline) taste stimuli (Fig. 2-5). Moreover, the 
magnitude of responses of salivary neurons to vanilla odor did not differ from that to peppermint odor 
before training (Figs. 2-7, 2-8, 2-10), although cockroaches innately prefer vanilla odor over peppermint 
odor in a dual-choice test (Sakura and Mizunami, 2001; Watanabe et al., 2003). These results indicate that 
an increase in response of salivary neurons to an odor might not necessarily correlate with an increase in 
the preference for that odor. It would be interesting to determine whether or not classical conditioning 
trials to associate an odor with saline solution lead to an increase in response of salivary neurons to that 
odor, although the same aversive conditioning trials have been shown to lead to a decrease in preference 
for that odor (in crickets: Matsumoto and Mizunami, 2002). 
Backward-pairing trials were not effective for achieving conditioning of odor responses of salivary 
neurons (Figs. 2-8.C, 2-9). This is in accordance with previous findings that backward-pairing of 
olfactory CS with gustatory US was not effective for achieving olfactory conditioning in insects and 
mammals (in honeybees: Hellstern et al., 1997; in crickets: Matsumoto and Mizunami, 2002; in rats: 
Maier et al., 1976), although backward-pairing of visual CS with olfactory US was found to be effective 
for achieving conditioning in cockroaches (Lent and Kwon, 2004).  
There was a significant level of memory retention at 1 day after conditioning. This is comparable to 
our previous finding that altered odor preference after three sets of classical conditioning trials was 
retained for 4 days after conditioning (Watanabe et al., 2003). The time course of memory retention after 
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conditioning of activities of salivary neurons was not determined in detail in this study. The responses of 
salivary neurons to sucrose-associated vanilla odor did not significantly decay from 1 to 30 min after 
conditioning (Fig. 2-8.B). The response of salivary neurons to sucrose-associated peppermint odor, 
however, significantly decayed from 1 to 30 min after conditioning in semi-intact preparations (Fig. 
2-8.A), but it did not significantly decay from 5 to 30 min after conditioning in highly dissected 
preparations (Fig. 2-10). In the former experiments, the response to the odor presented alone (vanilla) also 
decayed from 1 min to 30 min (Fig. 2-8.A). Thus, the possibility that the observed decay of odor response 
was due to deterioration of the preparation cannot be ruled out. Further improvement of preparations is 
necessary to determine in detail the time course of memory retention. 
 
4.4. Future perspective 
Cockroaches may provide model systems in which to study cellular mechanisms of classical conditioning 
of activities of salivary neurons. In mammals, many studies have suggested that various brain regions 
participate in classical conditioning of salivation. For example, electrical stimulations of the orbital cortex 
(Danilova, 1983) or dorsal part of the caudate nucleus (Danilova, 1981) modulate salivation to 
conditioning stimulus in dogs. Lesions of the cerebral cortex (Pavlov, 1927) decreased salivation to 
conditioning stimulus in dogs. The exact cellular mechanisms of conditioning of salivation, however, 
remain elusive. Cockroaches are suitable materials for the study of neural mechanisms of conditioning of 
activities of salivary neurons at the level of individual neurons, since intracellular recordings from brain 
neurons are feasible (Mizunami, 1990, 1996; Li and Strausfeld, 1997, 1999; Strausfeld and Li, 1999; 
Nishino et al., 2003). 
Olfactory learning in insects has been used as a pertinent model in which to study neural 
mechanisms underlying learning and memory (Menzel, 1999; Heisenberg, 2003; Daly et al., 2004). In 
honeybees, the antennal lobe (a primary olfactory center) and the mushroom body (a higher olfactory 
center that processes multisensory signals) have been implicated in olfactory memory processing (Menzel, 
1999). In fruitflies, Drosophila, mutants with defects in structure and function of the mushroom body 
exhibited impairments in olfactory learning (Heisenberg, 2003). In moths, Manduca sexta, olfactory 
conditioning produced a modulation of the ensemble representations for odors in antennal lobe neurons 
(Daly et al., 2004). Conditioning of activities of salivary neurons should provide an excellent model for 
the study of the neural basis of olfactory conditioning, since chronic extracellular recordings from 
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salivary neurons can be easily combined with intracellular recordings from brain neurons, thereby 
allowing for the study of activity changes in brain neurons during conditioning. One of our next steps is 
to investigate whether neurons in the antennal lobe and the mushroom body are involved in olfactory 
conditioning of activities of salivary neurons and whether there is an association of olfactory CS and 
gustatory US for conditioning of activities of salivary neurons in the SEG.   
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Fig. 2-1. Experimental procedure. (A) Arrangement of extracellular recording from an SDN is illustrated as a lateral 
view. The SDN originates from the SEG and runs along the surface of the salivary duct (SD) to innervate the 
salivary glands. The SD and SDN were hooked by a pair of tungsten electrodes. CC, cervical connective; CEC, 
circumesophageal connective. A, anterior; P, posterior; V, ventral; D, dorsal. (B) and (C): Stimulus schedules for 
forward-pairing (B) and backward-pairing (C) trials. Five sets of differential conditioning trials were carried out. For 
each set of P+V- and V+P- forward-pairing trials, peppermint (hatched squares) or vanilla (shaded squares) odor was 
presented 2 sec before the presentation of sucrose solution (open squares) and then vanilla or peppermint odor was 
presented alone, respectively. For each set of P+V- backward-pairing trials, peppermint odor was presented 4 sec 
after the presentation of sucrose solution and then vanilla odor was presented alone. (D) Stimulus schedule for 
unpaired presentation of peppermint and vanilla odors (CS alone). Peppermint and vanilla odors were alternately 
presented five times without pairing with sucrose solution. (E) Stimulus schedule for unpaired presentation of 
sucrose solution (US alone). Sucrose solution was presented five times without pairing with odor. The inter-stimulus 























Fig. 2-2. Arrangement of measurement of saliva secretion upon electrical stimulation of a SDN is illustrated as a 
lateral view. The distal cut-stamp of the salivary duct (SD) was inserted into a small plastic chamber, and the tip of 
the plastic chamber was covered with white Vaseline (dotted square) to prevent leakage of saliva. Saliva (shaded 
area) secreted from the SD was collected by a plastic capillary attached to a syringe every1 min. The amount of 
secreted fluid was calculated from the length (L) of the fluid column. The SDN was electrically stimulated by a pair 
of hook electrodes, and the resulting spikes were monitored by another pair of hook electrodes. CC, cervical 






























Fig. 2-3. Two large salivary neurons (SN1 and SN2) in the SEG, stained by metal backfilling of one SDN, viewed 
dorsally (A) and laterally (B). Areas surrounded by broken lines are mandibular (MD), maxillary (MX) and labial 
(LB) neuromeres, respectively. CC, cervical connective; CEC, circumesophageal connective. (C) An SDN at the 
surface of a salivary duct (SD), filled by metal. The broken line is the outline of the SDN. Two large-diameter axons 
(black arrowheads) and one small-diameter axon (white arrowhead) are visible. SG, salivary gland; A, anterior; P, 
posterior; V, ventral; D, dorsal.
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Fig. 2-4. Effects of surgical ablation of SN1 or SN2 on unit activities of an SDN. (A) and (B) Spontaneous spike 
activity of an SDN 10 min before (left) and 10 min after (right) surgical ablation of a part of SEG. In (A), a lower-
frequency unit with the largest amplitude disappeared after surgery, and post-mortal backfilling of the SDN revealed 
elimination of the cell body and some dendrites of SN1 (C). In (B), a higher-frequency unit with the second-largest 
amplitude disappeared after surgery, and post-mortal histology revealed ablation of the cell body and some dendrites 








Fig. 2-5. Responses of an SDN to distilled water (water), 10% sucrose solution (sucrose) and 20% sodium chloride 
(NaCl) solution applied to the mouth. Both of the two large units, a low spontaneous frequency unit with the largest 
amplitude (black circle) and a higher frequency unit with the second-largest amplitude, exhibited strong responses to 
water, sucrose and NaCl solution. Coincident occurrence of the two large units resulted in larger-amplitude potential 
(triangles). The short arrow indicates an artifact caused by movement of the mouth or the oesophagus. The broken 
line indicates the onset of taste stimulation. All four recordings were from the same preparation. vertical bar, 0.2 
mV; horizontal bar, 1 sec










Fig. 2-6. Responses of an SDN to vanilla or peppermint odor presented to an antenna. (A) Activities of an SDN 
during 2-sec vanilla or peppermint odor stimulation. The responses of SN1 (black circle, largest unit) and SN2 
(second-largest unit) to vanilla or peppermint odor were very weak and barely detectable in these recordings. (B) 
Responses of the SDN to vanilla or peppermint odor 30 min after five sets of P+V- differential conditioning trials 
recorded in the same preparation. SN1 and SN2 exhibited prominent responses to conditioned odor (peppermint 
odor), but their responses to control odor (vanilla odor) were barely detectable. Broken lines indicate the onset and 
outset of odour stimulation. vertical bar, 0.2 mV; horizontal bar, 1 sec.
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Fig. 2-7. Effects of forward-pairing trials (A, B) and unpaired presentation of odors (C) on responses of SN1 and 
SN2. Summed responses of SN1 and SN2 to peppermint or vanilla odor before and at 5 min after the first, second, 
third and fourth sets of P+V- (A) or P-V+ (B) conditioning trials or unpaired presentations of odors (C) are shown. 
Relative responses which were measured as relative increase in spike frequency for the first 2 sec of odor 
stimulation from that during a 2-sec period before odor stimulation are shown as means ± S.E.M. The results of 
statistical comparison with responses to peppermint or vanilla odor before conditioning are shown as asterisks (NS 


















































































Fig. 2-8. Effects of forward and backward pairing trials and of non-associative control. (A) and (B) Summed 
responses of SN1 and SN2 to peppermint (hatched bars) or vanilla (shaded bars) odor before and at 1 min and 30 
min after five sets of P+V- (A) or V+P- (B) forward-pairing trials. (C) Summed responses of SN1 and SN2 to odors 
before and at 1 min and 30 min after five sets of P+V- backward-pairing trials. (D) Summed responses of SN1 and 
SN2 to odors before and at 6 min and 35 min after five presentations of sucrose solution without pairing with odor. 
The responses are shown as means ± S.E.M. The results of statistical comparison are shown above the bars (NS 






















Fig. 2-9. Summed responses of SN1 and SN2 to peppermint (hatched bars) or vanilla (shaded bars) odor at 1 day 
after five sets of P+V- forward-pairing or backward-pairing trials. The responses are shown as means ± S.E.M. The 





























































Fig. 2-10. Responses of SN1 (A) and SN2 (B) to peppermint (hatched bars) and vanilla (shaded bars) odors before 
and at 5 min and 30 min after five sets of P+V- forward-pairing trials. The responses are shown as means ± S.E.M. 
The results of statistical comparison are shown above the bars (NS >0.05; * <0.05; ** <0.01; *** <0.001, WCX-test 
in Fig. 8B; t-test in Fig. 8B).
















** * ** ** **
Fig. 2-11. Changes in the level of salivation upon electrical stimulations of one SDN. The amount of saliva secreted 
from a salivary duct was measured every 1 min while brief (0.2 msec) electric pulses were delivered to the SDN at 5 
Hz for 2, 5, 10, 20 and 40 sec with intervals of 6 min. Averaged data from 12 preparations are shown as means ± 
S.E.M. The amounts of secretion (broken lines) before and after the onset of electrical stimulation were statistically 















Pavlov reported classical conditioning of salivation in dogs a century ago. Conditioning of salivation, 
however, has been so far reported only in dogs and humans, and its underlying neural mechanisms remain 
elusive because of the complexity of the mammalian brain. In the previous chapter, I reported that, in 
cockroaches Periplaneta americana, salivary neurons that control salivation exhibited increased 
responses to an odor after conditioning trials in which the odor was paired with sucrose solution. In this 
chapter, I present direct evidence of conditioning of salivation in cockroaches. In this study, I investigated 
the effects of conditioning trials on the level of salivation. Untrained cockroaches exhibited salivary 
responses to sucrose solution applied to the mouth but not to peppermint or vanilla odor applied to an 
antenna. After differential conditioning trials in which an odor was paired with sucrose solution and 
another odor was presented without pairing with sucrose solution, sucrose-associated odor induced an 
increase in the level of salivation, but the odor presented alone did not. The conditioning effect lasted for 
one day after conditioning trials. This study demonstrates, for the first time, classical conditioning of 
salivation in species other than dogs and humans, thereby providing the first evidence of sophisticated 
neural control of autonomic function in insects. The results provide a useful model system for studying 




Secretion of saliva to aid in the initial mastication, digestion and swallowing of food is an important 
physiological function found in many vertebrates and invertebrates. Pavlov (1927) reported classical 
conditioning of salivation in dogs about a century ago, and this form of conditioning is the best-known 
example of classical conditioning. Indeed, many of basic principles of classical conditioning have been 
established by studying this important form of learning. However, as far as I know, conditioning of 
salivation has been reported only in dogs and humans (Feather et al., 1967; Holland and Matthews, 1970; 
Wells and Feather, 1968). In spite of the enormous effort by Pavlov and his successors (Baranov, 1983; 
Danilova, 1983; Pavlov, 1927; Zernicki and Santibanez-H, 1961), its underlying neural mechanisms 
remain elusive because of the complexity of the mammalian brain.  
   Insects have been used as pertinent models in which to study the neural basis of learning and memory 
(Giurfa, 2003; Heisenberg, 2003; Menzel, 2001; Menzel and Giurfa, 2006). Studies using operant and 
classical conditioning procedures showed that cockroaches have excellent learning capabilities 
(Baldrrama, 1980; Kwon et al., 2004; Sakura and Mizunami, 2001; Sakura et al., 2002). For example, 
cockroaches exhibited excellent learning performance in an occasion setting paradigm in which visual 
context defines the contingency between olfactory CSs (conditioning stimuli) and gustatory USs 
(unconditioned stimuli) (Sato et al., 2006). 
   Salivation is regulated by the autonomic nervous system. In mammals, salivary glands are supplied 
with cholinergic parasympathetic and adrenergic sympathetic nerves, which control secretion of 
protein-free and protein-rich saliva, respectively (Ekström, 1989; Garrett, 1987; Matsuo, 1999). In insects 
such as cockroaches Periplaneta americana, salivary glands are supplied with dorpaminergic salivary 
neuron (SN1) and GABAnergic salivary neuron (SN2) of the suboesophageal ganglion and with several 
serotonergic neurons belonging to the stomatogastric nervous system (Ali, 1997; Davis, 1985; Just and 
Walz, 1996; Walz et al., 2006). Dopaminergic and serotonergic neurons control secretion of protein-free 
and protein-rich saliva, respectively (Walz et al., 2006).   
   In the preceding chapter, I showed that salivary neurons of cockroaches exhibited a prominent 
response to an odor after conditioning trials in which the odor (CS) was paired with sucrose solution (US) 
but that these neurons exhibited only very weak responses to the odor presented alone without pairing 
with sucrose solution (Watanabe and Mizunami, 2006). The results demonstrated conditioning of activity 
of salivary neurons, but direct evidence of conditioning of salivation remained to be obtained. In this 
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study, I investigated the effects of conditioning trials on salivary responses to odors, and I found that an 
odor paired with sucrose solution induced an increase in the level of salivation. The results of this study 
demonstrate that classical conditioning of salivation is ubiquitous among different phyla. 
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2. Materials and Methods 
2.1. Insects 
Adult male cockroaches, Periplaneta americana, were used in this study. Details have been described in 
“Material and Methods” of chapter 2. 
 
2.2. Measurement of salivation in response to olfactory or gustatory stimulus 
The procedure for measurement of the level of salivation was modified from that used in our previous 
study (Watanabe and Mizunami, 2006). A cockroach was briefly anaesthetized for restraining on a 
wax-coated dish ventral-side-up after its wings had been removed. The legs, neck and dorsal side of the 
abdomen were fixed with low-melting wax, and antennae were immobilized by staples. The restrained 
cockroach could move its mouthparts freely. Immobilized cockroaches were kept at room temperature for 
1-2 hours. 
   Saliva is secreted into the oral cavity via the salivary duct. To expose the salivary duct, cuticles of the 
neck and labium were removed. The salivary duct was cut, and then the distal cut-stump was inserted into 
a plastic chamber with a hole in the upper part. The tip of the plastic chamber was covered with white 
Vaseline to prevent leakage of saliva (Fig. 3-1.A). The measurement was initiated >10 min after 
completing the set-up of the preparation to stabilize salivation. Fluid secreted from the duct to the plastic 
chamber was drawn into a plastic capillary every 1 min, and the length of the fluid column was measured 
for calculating the volume of saliva (Fig. 3-1.A). A level of salivation is continuously maintained in 
cockroaches (Watanabe and Mizunami, 2006). 
 
2.3. Sensory stimulation and conditioning procedure 
The continuous airflow system used to deliver odor to an antenna was described previously (Nishino et al., 
2003). Details have been described in “Material and Methods” of chapter 2. 
   The conditioning procedure was modified from that described previously (Nishino et al., 2003). 
Immobilized cockroaches received five P+/V- or P-/V+ forward-pairing trials (Fig. 3-1.B) or P+/V- 
backward-pairing trials (Fig. 3-1.C) with inter-trial intervals of 5 min. One P+/V- forward-pairing trial 
consisted of presentation of peppermint odor 3 sec prior to the presentation of sucrose solution and 
subsequent presentation of vanilla odor without pairing with sucrose solution (Fig. 3-1.B). One P-/V+ 
forward-pairing trial consisted of unpaired presentation of peppermint odor and subsequent presentation 
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of vanilla odor 3 sec prior to the presentation of sucrose solution. One P+/V- backward-pairing trial 
consisted of presentation of peppermint odor 3 sec after the presentation of sucrose solution and 
subsequent unpaired presentation of vanilla (Fig. 3-1.C). In one control experiment (CS alone trials), 
peppermint and vanilla odor were alternately presented five times with intervals of 5 min (Fig. 3-1.D). In 
another control experiment (US alone trials), sucrose solution was presented five times with intervals of 
10 min (Fig. 3-1.E). In all experiments, the duration of odor presentation was 4 sec. 
   To study the retention of the conditioning effect, salivation responses to odors were measured at 30 
min after conditioning in some groups of cockroaches and at 1 day after conditioning in other groups. 
Cockroaches received 4-sec presentation of peppermint, vanilla and apple (control) odors with intervals 
of 6 min. The sequence of odor presentations was randomized among individuals, and data from the 
individuals were pooled for statistical evaluation. In experiments to study 1-day retention of the 




3.1. Salivation response to olfactory or gustatory stimulation 
Immobilized cockroaches exhibited steady levels of salivation of 100-200 nl/min, in accordance with our 
previous observation (Watanabe and Mizunami, 2006). In one group of naïve (untrained) cockroaches 
(Fig. 3-2.A, B), peppermint, vanilla and apple odors were applied to an antenna and resulting changes in 
the level of salivation were measured. In two other groups of naïve cockroaches, salivation response to 
500 mM sucrose solution or to 5 M sodium chloride solution applied to the mouth was measured (Fig. 
3-2.C, D), respectively. Apple odor (Fig. 3-2.A), sucrose solution (Fig. 3-2.C) and sodium chloride 
solution (Fig. 3-2.C) induced an increase in the level of salivation for 2-3 min. In order to statistically 
evaluate salivation responses to olfactory or gustatory stimulations, the amount of saliva secreted during a 
2-min period after the onset of stimulation (R) was compared with that during a 2-min period before 
stimulation (R0), using Wilcoxon’s test. There were significant increases in the level of salivation in 
response to apple odor (Fig. 3-2.B; N=14, P<0.01, T=8), sucrose solution (Fig. 3-2.D; N=15, P<0.05, 
T=18) and sodium chloride solution (Fig. 3-2.D; N=15, P<0.01, T=3) but not to peppermint and vanilla 
odors (Fig. 3-2.B; N=14; peppermint: P>0.05, T=26; vanilla: P>0.05, T=22). In the following 
conditioning experiments, I used peppermint or vanilla odor as conditioning stimulus (CS) and sucrose 
solution as unconditioned stimulus (US). Apple odor was used as a control odor. Sodium chloride solution 
was not used in subsequent experiments.  
 
3.2. Classical conditioning of salivation 
Two groups of cockroaches were subjected to five sets of P+/V- conditioning trials, and changes in the 
levels of salivation in response to peppermint, vanilla or apple odor stimulation were measured at 30 min 
after conditioning trials in one group of cockroaches and at 1 day after conditioning trials in another 
group (Fig. 3-3.A, B, C). Another two groups of cockroaches were subjected to five sets of P-/V+ 
forward-pairing trials, and salivation responses to these odors were measured at 30 min after conditioning 
trials in one group and at 1 day after conditioning trials in another group (Fig. 3-3.D, E, F).  
   An increase in the level of salivation was observed when peppermint or vanilla odor was presented to 
an antenna at 30 min after P+/V- (Fig. 3-3.A) or P-/V+ (Fig. 3-3.D) forward-pairing trials, respectively. 
Increased levels of salivation lasted for about 2 min. To statistically evaluate salivation responses, the 
level of salivation for a 2-min period after odor stimulation was compared with that before odor 
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stimulation. Peppermint or vanilla odor induced a significant increase in the levels of salivation at 30 min 
after P+/V- (Fig. 3-3.B; N=23; peppermint: P<0.01, T=15) or P-/V+ (Fig. 3-3.E; N=23; vanilla: P<0.01, 
T=27) forward-pairing trials, respectively. An increase in salivary responses to sucrose-associated odor 
was also observed at 1 day after P+/V- (Fig. 3-3.C; N=16; peppermint: P<0.01, T=16) and P-/V+ (Fig. 
3-3.F; N=17; vanilla: P<0.01, T=6) forward-pairing trials, indicating that the memory lasted for at least 1 
day. 
   Vanilla or peppermint odor presented alone without pairing with sucrose solution during P+/V- or 
P-/V+ forward-pairing trials induced no significant change in the level of salivation at 30 min and 1 day 
after P+/V- (Fig. 3-3.B, C; vanilla; 30 min: N=23; P>0.05, T=115; 1 day: N=16; P>0.05, T=59.5) or 
P-/V+ (Fig. 3-3.E, F; peppermint; 30 min: N=23; P>0.05, T=105; 1 day: N=17; P>0.05, T=73) 
forward-pairing trials, respectively.  
 
3.3. Control experiments 
In three groups of cockroaches, changes in the levels of salivation in response to peppermint, vanilla or 
apple odor were measured at 30 min after P+/V- backward-pairing trials (Fig. 3-4.A) or CS alone trials 
(Fig. 3-4.B) or at 40 min after US alone trials (Fig. 3-4.C). Salivation responses to odor stimulations were 
statistically evaluated by comparing the amounts of saliva secreted during a 2-min period after odor 
stimulation (R) with that before stimulation (R0), by Wilcoxon’s test. 
   Peppermint or vanilla odor induced no change in salivation level in any of the three control groups, 
namely, P+/V- backward-pairing group (N=15; peppermint: P>0.05, T=29; vanilla: P>0.05, T=48), CS 
alone group (N=17; peppermint: P>0.05, T=70; vanilla: P>0.05, T=65) and US alone group (N=17; 
peppermint: P>0.05, T=60.5; vanilla: P>0.05, T=69). Apple odor induced a significant increase in the 
level of salivation in all control groups (P+/V- backward-pairing group, N=15; P<0.01, T=10; CS alone 
group, N=17; P<0.01, T=15; US alone group, N=17; P<0.01, T=16), thereby indicating that the 
preparations remained intact. 
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4. Discussion 
Classical conditioning of salivation was first discovered in dogs by Pavlov (1927). By studying this 
important form of learning, he established the basis for modern scientific research on learning and 
memory. Subsequent studies successfully demonstrated conditioning of salivation in humans (Feather et 
al., 1967; Holland and Matthews, 1970; Wells and Feather, 1968), but as far as I know, this form of 
conditioning has not been reported in any other species.  
   In this study, I showed that (1) untrained cockroaches exhibited no salivation responses to vanilla or 
peppermint odor and (2) after differential conditioning trials in which an odor was paired with sucrose 
solution and another odor was presented alone without pairing with sucrose solution, cockroaches 
exhibited salivation response to sucrose-associated odor but not to the odor presented alone. The 
conditioning effect was maintained for 1 day after conditioning. Backward-pairing, CS alone and US 
alone trials did not induce a conditioning effect. The results demonstrate conditioning of salivation in 
cockroaches, for the first time in species other than dogs and humans, thereby demonstrating that 
conditioning of salivation is ubiquitous among different phyla. 
   Pavlov (1927) reported that a lesion of the cerebral cortex decreased salivation in response to auditory 
conditioned stimulus in dogs. Subsequent studies in dogs suggested that the orbital cortex plays a role in 
modulation of salivation in response to auditory conditioned stimulus (Baranbov, 1983; Danilova, 1983; 
Zernicki and Santibanez-H, 1961). However, neural mechanisms underlying conditioning of salivation 
remain elusive because of the complexity of information processing in the mammalian brain. 
Cockroaches provide a useful set up to study neural mechanisms underlying conditioning of salivation 
since their brains consist of a relatively small number of neurons, many of which are individually 
identifiable in terms of their morphology and physiology (Burrows, 1996; Li and Strausfeld, 1999; 
Nishino et al., 2003; Strausfeld and Li, 1999). 
   This study is also the first to demonstrate conditioning of autonomic function in invertebrates. 
Conditioning of autonomic function is demonstrated in mammals, birds and fishes (Harris and Brady, 
1974; Miller, 1969), but in invertebrates, previous reports on experience-dependent changes in autonomic 
function were limited to sensitization of heart rate in the mollusc Aplysia (Krontiris-Litowitz, 1999) and 
habituation of cardiac response to visual stimuli in the fly Calliphora (Thon, 1980) and the crab 
Chasmagnathus (Hermitte and Maldonado, 2006). Our finding demonstrates that sophisticated neural 
control of autonomic function is not specific to vertebrates but applicable to insects. 
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   In cockroaches, salivation is regulated by activities of salivary neurons and neurons of the 
stomatogastric nervous system (Ali, 1997; Walz et al., 2006), and I previously reported that salivary 
neurons responded to gustatory stimuli. Salivary neurons of untrained cockroaches exhibited (1) a level of 
spontaneous activity, (2) strong responses to sucrose or sodium chloride solution applied to the mouth and 
(3) very weak responses to peppermint or vanilla odors applied to an antenna (Watanabe and Mizunami, 
2006). These features of activities of salivary neurons are in accordance with the features found for 
salivation, in that (1) there was a spontaneous level of salivation and (2) sucrose or sodium chloride 
solution induced an increase in the level of salivation but (3) peppermint or vanilla odor did not. For the 
last point, it is obvious that the responses of salivary neurons of untrained cockroaches to peppermint and 
vanilla odors are not strong enough to induce a significant increase in the level of salivation. Thus, I 
conclude that there is a good correlation between the activities of salivary neurons and the levels of 
salivation. 
   I also previously examined the effect of conditioning on odor responses of salivary neurons, and 
found that (1) an odor induced prominent responses in salivary neurons after being paired with sucrose 
solution, (2) the conditioning effect lasted for one day and (3) backward-pairing, CS alone and US alone 
trials were not effective in achieving conditioning of activities of salivary neurons (Watanabe and 
Mizunami, 2006). These observations are in accordance with findings on the level of salivation in this 
study. Moreover, our study on the change in the level of salivation in response to electrical stimulation of 
salivary neurons suggested that the magnitude of increase in odor responses of salivary neurons is 
sufficient to lead to an increased level of salivation (Watanabe and Mizunami, 2006), indicating a causal 
relationship between the activities of salivary neurons and salivation. Therefore, I conclude that activities 
of salivary neurons offer a useful monitor of conditioning of salivation. I have not yet clarified whether 
the activities of neurons of the stomatogastric nervous system also exhibit a conditioning effect.  
   Conditioning of salivation should provide useful model system for studying neural basis of learning 
and memory in insects. In insects, most successful electrophysiological studies in search for neural 
correlates of learning and memory have been performed by using classical conditioning of proboscis 
extension response, in which an odor was associated with sucrose solution and activities of an extensor 
muscle of the proboscis were recorded as a measure of the conditioning effect (honeybees: Hammer, 1993, 
Mauelshagen, 1993; moths: Daly et al., 2004). One of difficulties of this experimental paradigm, however, 
is that the contraction of the proboscis extensor muscle often induces a movement of the brain, which 
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prevents stable electrophysiological recordings of the activities of brain neurons. Classical conditioning of 
salivation in cockroaches provides an excellent alternative experimental system since conditioning of 
salivation can be easily monitored by extracellular recordings of activities of salivary neurons and 
activities of these neurons induce no movement of the brain. Moreover, stable intracellular recordings 
from brain neurons for >15 min are feasible in cockroaches (Mizunami, 1990, 1996; Mizunami and 
Tateda, 1988). The objective of our next experiment is to study the areas of the brain and the 
subesophageal ganglion participating in conditioning of salivation.  
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Fig. 3-1. Experimental procedure. (A) Set-up for measurement of the amount of saliva secretion is illustrated as a 
lateral view. The distal cut-stump of the salivary duct (SD) was inserted into a small plastic chamber, and the tip of 
the plastic chamber was covered with white Vaseline (dotted square) to prevent leakage of saliva. Saliva (shaded 
area) secreted from the SD was collected by a plastic capillary attached to a syringe every 1 min. The amount of 
secreted fluid was calculated from the length (L) of the fluid column. (B) Stimulus schedules for five P+/V- or P-/V+ 
forward-pairing trials. One P+/V- or P-/V+ forward-pairing trial consisted of the presentation of peppermint (shaded 
rectangles) or vanilla odor (hatched rectangles) to an antenna before the presentation of sucrose solution (white 
squares and white triangles) to the mouth and presentation of vanilla or peppermint odor without pairing with 
sucrose solution, respectively. (C) Stimulus schedules for five P+/V- backward-pairing trials. One P+/V- backward-
pairing trial consisted of the presentation of peppermint odor after the presentation of sucrose solution and 
subsequent unpaired presentation of vanilla odor. (D) Stimulus schedule for unpaired presentation of peppermint and 
vanilla odors (CS alone). Peppermint and vanilla odors were alternately presented five times without pairing with 
sucrose solution. (E) Stimulus schedules for unpaired presentation of sucrose solution (US alone). Sucrose solution 
was presented five times without pairing with an odor. The duration of olfactory stimulus was 4 sec. The inter-
stimulus intervals were 5 min in B-D and 10 min in E. The measurements of salivation responses to peppermint, 


























































































Fig. 3-2. Changes in salivation levels upon olfactory (A,B) or gustatory (C,D) stimulations. In one group of 
cockroaches, peppermint (solid line), vanilla (broken line) and apple odors (dotted line) were presented for 4 sec to 
an antenna with intervals of 6 min (A). In another two groups of cockroaches, 4 μl of 500 mM sucrose solution 
(solid line) or 5 M sodium chloride solution (dotted line) was presented to the mouth (C). The amount of saliva 
secreted from the salivary duct was measured every 1 min, and values are shown as means ± s.e.m. For statistical 
evaluation, the amount of saliva secreted for a 2-min period after the onset of olfactory (B) or gustatory (D) 
stimulation (R; black bar) was compared with that before stimulation (R0; white bar). Asterisks indicate the level of 
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Fig. 3-3. Changes in salivation levels in response to odors after P+/V- (A-C) or P-/V+ (D-F) forward-pairing trials. 
In one group of cockroaches, peppermint (solid line), vanilla (broken line) and apple odors (dotted line) were 
presented to an antenna at 30 min after five P+/V- (A) or P-/V+ (D) forward-pairing trials. The odors were presented 
for 4 sec with intervals of 6 min. The amount of saliva secreted from the salivary duct was measured every 1 min, 
and values are shown as means ± s.e.m. For statistical evaluation, the amount of saliva secreted for a 2-min period 
after the onset of stimulation (R; black bar) was compared with that before stimulation (R0; white bar) at 30 min (B, 
E) or at 1 day (C, F) after five P+/V- or P-/V+ forward-pairing trials. Asterisks indicate the level of significance (** 





























































P+/V- backward (30 min after) CS alone (30 min after) US alone (40 min after)A B C
Fig. 3-4. Changes in the levels of salivation in response to odors after control trials. In each of three groups of 
cockroaches, the amount of saliva secreted in response to peppermint, vanilla and apple odors was measured at 30 
min after P+/V- backward (A), CS alone (B) or US alone (C) trials. The amounts of saliva were measured every 1 
min, and values are shown as means ± s.e.m. For statistical evaluation, the amount of saliva secreted for a 2-min 
period after the onset of olfactory stimulation (R; black bar) was compared with that before stimulation (R0; white 















As described in the previous chapter, I found that cockroaches exhibited classical conditioning of 
salivation, as was reported for dogs and humans. After pairing an odor (conditioning stimulus, CS) with 
sucrose solution (unconditioned stimulus, US) applied to the mouth, cockroaches exhibited an increased 
level of salivation in response to the odor, and this conditioning effect could be monitored by activities of 
salivary neurons. This system is potentially an excellent model for electrophysiological study of neural 
mechanisms underlying conditioning, but application of gustatory US to the mouth leads to feeding 
movement accompanying a movement of the brain that prevents stable intracellular recordings from brain 
neurons. Here, I investigated whether gustatory stimulus presented to an antenna can serve as an effective 
US for salivary conditioning. Presentation of sucrose or sodium chloride solution to an antenna induced 
salivation as well as responses of salivary neurons. After a single pairing trial of an odor with antennal 
presentation of sucrose or sodium chloride solution, the odor induced increased levels of salivation or of 
activities of salivary neurons. Water or tactile stimulus presented to an antenna had no conditioning effect, 
although both stimuli induced a significant level of salivary responses. The results demonstrate that 
salivary conditioning can be achieved with gustatory US presented to an antenna. This conditioning 
system provides a useful model for electrophysiological study of the neural basis of learning and memory. 
 
Keywords: salivation; olfaction; taste; learning; memory; insect 
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1. Introduction 
After repeated presentation of auditory stimulus (conditioning stimulus, CS) prior to the presentation of 
food (unconditioned stimulus, US), the dog salivated in response to auditory CS (Pavlov, 1927). Pavlov 
and his successors energetically studied neural mechanisms underlying salivary conditioning in dogs. 
Pavlov (1927) reported that a lesion of the cerebral cortex decreased salivation in response to auditory CS, 
and subsequent studies suggested that the orbital cortex plays a role in modulation of salivation in 
response to auditory CS (Baranov, 1983; Danilova, 1983; Zernicki and Santibanez-H, 1961). However, 
further details of neural mechanisms underlying salivary conditioning remain unknown.  
   Conditioning of salivation has also been demonstrated in humans (Feather et al., 1967; Holland and 
Matthews, 1970; Wells and Feather, 1968), but, to our knowledge, it has not been demonstrated in any 
other animals until I recently demonstrated it in cockroaches (Watanabe and Mizunami, 2006, 2007). 
After differential conditioning trials in which an odor was paired with sucrose solution presented to the 
mouth and another odor was presented without pairing with sucrose solution, cockroaches exhibited 
increased levels of salivation in response to sucrose-associated odor but not to the unpaired odor 
(Watanabe and Mizunami, 2007). This conditioning can be easily monitored by changes in activities of 
salivary neurons (Watanabe and Mizunami, 2006). In cockroaches, salivation is regulated by two large 
salivary neurons (salivary neuron 1 and salivary neuron 2; SN1 and SN2) and several small neurons 
belonging to the stomatogasteric nervous system (STS neurons) contained in the salivary duct nerve 
(SDN) (Walz et al., 2006). Extracellular recording from the SDN showed that the responses of SN1 and 
SN2 to an odor increased after pairing the odor with sucrose solution (Watanabe and Mizunami, 2006).  
   Because intracellular recordings from brain neurons are feasible in cockroaches (Mizunami 1996; Li 
and Strausfeld, 1997, 1999; Nishino et al., 2003), salivary conditioning in cockroaches may provide a 
useful model for electrophysiological study of neural mechanisms underlying learning and memory. A 
major obstacle for intracellular recording from brain neurons during salivary conditioning, however, is 
that presentation of gustatory US to the mouth induces vigorous movements of the mouth (Watanabe and 
Mizunami, 2006) and this results in movement of the brain and prevents stable recordings from brain 
neurons. In this study, I examined whether gustatory stimulation to an antennae can serve as an effective 
US for achieving salivary conditioning. Cockroaches use their long antennae for chemical and tactile 
exploration of the environment (Lent and Kwon, 2004; Okada and Toh, 2006) and the antennae are 
equipped with sugar and salt receptor neurons, as well as olfactory, hygrosensory, theromosensory and 
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mechanosensory receptor neurons (Hansen-Delkeskamp and Hansen, 1992, 1995; Nishino et al., 2005; 
Rüth, 1976; Yokohari, 1999). I studied the effects of antennal gustatory or tactile US on conditioning of 
activities of salivary neurons and of salivation.  
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2. Materials and Methods 
2.1. Insects 
Adult male cockroaches, Periplaneta americana, were used in this study. Details have been described in 
“Material and Methods” of chapter 2. 
 
2.2. Extracellular recordings of activities of salivary neurons 
The preparations for extracellular recording from an SDN, which contains axons of SN1 and SN2, were 
modified from those in our previous study (Watanabe and Mizunami, 2006). The cockroach was 
anaesthetized, the wings were removed, and the esophagus was punctured to prevent its movement and 
expansion during chronic recording. Then, the cockroach was restrained on a wax-coated stage 
ventral-side-up with thin plastic plates at the neck and abdomen. The legs, neck, cerci and mouthparts 
were fixed with low-melting wax. Each antenna was fixed by a plastic ring placed at about 1 cm from its 
base (Fig. 4-1.A). 
   Preparations were kept for 1-2 hours, and then the cuticle in the neck was removed to expose the 
salivary duct (SD). Since the SDN runs along the surface of the SD, one SDN, as well as the SD, was 
hooked on a pair of tungsten electrodes (Fig. 4-1.B). To prevent the SDN from drying the SDN, the SD 
was covered with a mixture of white Vaseline and liquid paraffin saturated with cockroach saline. 
Tungsten electrodes were fixed on the neck plastic plate with low-melting wax (Fig. 4-1.A). The 
preparation was mounted on the tilting stage, and then it was raised head-side-up. 
   The activity of the SDN was amplified with a differential AC amplifier (DAM80, World Precision 
Instruments, Sarasota, FL USA) and displayed on an oscilloscope and a digital recorder (Omniace, NEC, 
Tokyo, Japan). Data were stored on an MO disk (LX-10, TEAC, Tokyo, Japan). Activities of salivary 
neurons were segregated out from those of STM neurons using a window discriminator equipped with a 
spike counter (MET1100, NIHON KOHDEN, Tokyo, Japan). 
 
2.3. Sensory stimulation to an antenna 
The continuous airflow system used to deliver odor to an antenna was described previously (Nishino et al., 
2003). Details have been described in “Material and Methods” of chapter 2.  
   In experiments to study gustatory or tactile responses of salivary neurons, gustatory stimulation was 
presented as follows: a droplet (10 μl) of sucrose solution or sodium chloride solution of various 
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concentrations or of distilled water was presented to an antenna (at about 2 cm from the scape). The 
droplet was wiped off after 10 sec from the onset of stimulation. For tactile stimulation, an antenna was 
gently touched with a dry filter paper for 4 sec. The interval between stimuli was 2 min. For classical 
conditioning trials, an antenna were gently touched with rectangular filter paper (0.5 × 1 cm) soaked with 
10 μl of 500 mM sucrose solution, 5 M sodium chloride solution or distilled water for 4 sec or with dry 
filter paper. 
 
2.4. Conditioning procedure and evaluation of the conditioning effects 
The procedure for classical conditioning was modified from that reported in chapter 1, 2 and 3. 
Immobilized cockroaches were subjected to five sets of differential conditioning trials with inter-trial 
intervals of 5 min (Fig. 4-1.C). One “peppermint-US1/vanilla-US2” differential conditioning trial set 
consisted of the presentation of peppermint odor paired with the presentation of an US (US1) and 
subsequent presentation of vanilla odor paired with the presentation of another US (US2) (Fig. 4-1.C). 
The stimuli were presented to the antenna ipsilateral to the recorded SDN. The duration of CS and US 
was 4 sec, and the onset of CS preceded the onset of US by 2 sec (Fig. 4-1.C).  
   To evaluate conditioning effects, responses of salivary neurons to odors were measured at 10 min 
before (Test 1) and 30 min after (Test 2) the conditioning trials. During testing, peppermint, vanilla and 
apple (control) odors were each presented 3 times for 2 sec with a random sequence at intervals of >20 
sec. Test 1 was initiated >15 min after completing the set-up of the electrophysiological recording. 
 
2.5. Measurement of salivation in response to antennal sensory stimulation 
The procedure for in vivo measurement of the amount of saliva secretion from a SD in response to 
sensory stimulation was described in “Material and Methods” of chapter 3. 
 
2.6. Data analysis 
Salivary neurons exhibit spontaneous spike activities (Watanabe and Mizunami, 2006). The magnitude of 
responses of salivary neurons to olfactory or gustatory stimulus was measured as relative increase in spike 
frequency from the spontaneous level, i.e., 100(R-R0)/(R+R0) (%). In the case of olfactory responses, R 
and R0 is the summed spike frequency of two salivary neurons during the first 2 sec of stimulation and 
that during a 2-sec period before the onset of odor stimulation, respectively. In the case of gustatory or 
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water responses, R is the summed spike frequency of salivary neurons during a 2-sec period from 2 sec to 
4 sec after the onset of antennal stimulation, because these stimuli often induced large artefacts at the 
onset of the stimulation and this prevented precise spike counts. R0 was measured as in olfactory 
responses. Initial acquisition of the conditioning effect was evaluated by comparing responses of salivary 
neurons to odors at the second and subsequent conditioning trials with those at the first conditioning trial, 
and responses of salivary neurons to odors at 30 min after conditioning trials were compared with those at 
10 min before conditioning trials to evaluate 30-min retention of conditioning effects. All statistical 
evaluation was performed using Microsoft Excel and Excel statistics software programs (Esumi, Tokyo, 
Japan). Data on relative responses of salivary neurons to sensory stimuli fitted to a normal distribution, 
and the paired t-test (t-test) was used for statistical evaluation.  
   A level of saliva secretion is maintained (Watanabe and Mizunami, 2006, 2007). For statistical 
evaluation of salivary response to sensory stimulation, the amount of saliva secreted during a 2-min 
period after the onset of stimulation (R) was compared with that during a 2-min period before stimulation 
(R0) using Wilcoxon’s test (WCX-test). In addition, the levels of salivation in response to antennal 





3.1. Responses of salivary neurons to antennal gustatory or tactile stimulation 
In one group of cockroaches, sucrose or sodium chloride solution of various concentrations or water was 
presented to an antenna, and the resulting responses of salivary neurons were studied. Salivary neurons 
exhibited spontaneous spike activities, and all of these stimuli induced increases in spike frequency. The 
magnitudes of responses to sensory stimuli were measured as an increase of the spike frequency from the 
spontaneous level (see Materials and Methods). Sucrose solution of 50 mM or higher concentrations 
induced significantly greater responses than those to water (t-test, N=18; 1 mM: P=0.123, d.f.=17, 
t=1.623; 5 mM: P=0.509, d.f.=17, t=0.675; 10 mM: P=0.802, d.f.=17, t=0.255; 50 mM: P=0.0004, d.f.=17, 
t=4.358; 100 mM: P=0.0008, d.f.=17, t=4.055; 500 mM: P=0.0008, df=17, t=4.048; 1 M: P=0.00005, 
d.f.=17, t=5.357). In the case of stimulation with sodium chloride solution, significantly greater responses 
than those to water were achieved at a concentration of 500 mM or higher (t-test, N=18; 1 mM: P=0.753, 
d.f.=17, t=0.32; 5 mM: P=0.542, df=17, t=0.622; 10 mM: P=0.268, df=16, t=1.146; 50 mM: P=0.555, 
d.f.=17, t=0.602; 100 mM: P=0.254, d.f.=17, t=1.18; 500 mM: P=0.032, d.f.=17, t=2.334; 1 M: P=0.0008, 
d.f.=16, t=4.142; 5 M: P=0.0003, d.f.=16, t=4.636). In the following conditioning trials, 500 mM sucrose 
solution or 5 M sodium chloride solution was routinely used as appetitive or aversive US. 
   In another group of cockroaches, the responses of salivary neurons to tactile stimulation were studied 
by gently touching an antenna with a dry filter paper. Salivary neurons exhibited prominent responses 
(N=17, relative response = 24.42 ± 4.123%), but I was unable to quantitatively compare their magnitudes 
with those of gustatory responses because the methods of stimulation were different in these two 
experiments. 
 
3.2. Effects of antennal sucrose US for achieving conditioning of activities of salivary neurons 
Untrained cockroaches exhibit salivary responses to apple odor but not to vanilla or peppermint odor 
(Watanabe and Mizunami, 2007). In conditioning trials, therefore, vanilla or peppermint odor was used as 
CS. Apple odor was used as a control odor to examine whether the preparation remains intact.  
   A group of cockroaches was subjected to five sets of “P-sucrose/V-alone” differential conditioning 
trials. Each set of the differential conditioning trial consisted of the presentation of peppermint odor 
paired with the presentation of 500 mM sucrose solution to an antenna and subsequent presentation of 
vanilla odor without pairing with US (Fig. 4-3.A). The magnitudes of responses of salivary neurons to 
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sucrose-associated peppermint odor at the second and subsequent sets of conditioning trials were 
significantly greater than those at the initial conditioning trial (t-test, N=19; 1st-2nd: P=0.02, d.f.=18, 
t=2.55; 1st-3rd: P=0.024, d.f.=18, t=2.458; 1st-4th: P=0.016, d.f.=17, t=2.675; 1st-5th: P=0.007, d.f.=18, 
t=3.042), thus indicating that only one trial is sufficient to achieve conditioning. Responses to 
sucrose-associated peppermint odor at 30 min after conditioning trials were significantly greater than 
those before conditioning trials (t-test, N=19, P=0.001, d.f.=18, t=3.969). In contrast, the magnitudes of 
responses to vanilla odor presented alone at the second and subsequent sets of conditioning trials did not 
significantly differ from that at the initial conditioning trial (t-test, N=19; 1st-2nd: P=0.071, d.f.=17, 
t=1.925; 1st-3rd: P=0.828, d.f.=17, t=0.221; 1st-4th: P=0.068, d.f.=17, t=1.949; 1st-5th: P=0.163, d.f.=17, 
t=1.458). Responses to vanilla odor presented alone or to apple (control) odor at 30 min after conditioning 
trials did not significantly differ from those before conditioning trials (t-test, N=19; vanilla: P=0.871, 
d.f.=18, t=0.164; apple: P=0.067, d.f.=17, t=1.96). The results indicate that conditioning can be achieved 
by a single set of differential conditioning trial to associate an odor with sucrose solution applied to an 
antenna, and the effects of 5 sets of differential conditioning trials are retained for 30 min. 
   Touching an antenna with a filter paper soaked with sucrose solution accompanies tactile and water 
stimulations, in addition to sucrose stimulation. I studied whether tactile stimulation of an antennal can 
serve as an effective US for conditioning of activities of salivary neurons. Two groups of cockroaches 
were each subjected to five sets of “P-sucrose/V-tactile” (Fig. 4-3.B) or “P-tactile/V-sucrose” (Fig. 4-3.C) 
conditioning trials. The magnitudes of responses of salivary neurons to sucrose-associated odor at the 
second and subsequent sets of conditioning trials were significantly greater than those at the initial 
conditioning trial in both the “P-sucrose/V-tactile” group (t-test, N=18, peppermint; 1st-2nd: P=0.012, 
d.f.=17, t=2.824; 1st-3rd: P=0.001, d.f.=17, t=4.222; 1st-4th: P=0.001, d.f.=17, t=3.914; 1st-5th: P=0.0004, 
d.f.=17, t=4.359) and “P-tactile/V-sucrose” group (t-test, N=20, vanilla; 1st-2nd: P=0.01, d.f.=19, t=2.844; 
1st-3rd: P=0.0003, d.f.=19, t=4.467; 1st-4th: P=0.0002, d.f.=18, t=4.575; 1st-5th: P=0.0003, d.f.=18, t=4.541). 
Responses to sucrose-associated odor at 30 min after conditioning trials were significantly greater than 
those before conditioning trials in both the “P-sucrose/V-tactile” group (t-test, N=18; peppermint: 
P=0.005, d.f.=17, t=3.244) and “P-tactile/V-sucrose” group (t-test, N=20; vanilla: P=0.0004, d.f.=18, 
t=4.342). In contrast, the magnitudes of responses to the odor associated with tactile stimulation at the 
second and subsequent sets of conditioning trials did not significantly differ from those at the initial 
conditioning trial for both the “P-sucrose/V-tactile” group (t-test, N=20, vanilla; 1st-2nd: P=0.516, d.f.=17, 
 65
t=0.663; 1st-3rd: P=0.561, d.f.=15, t=0.595; 1st-4th: P=0.541, d.f.=17, t=0.624; 1st-5th: P=0.775, d.f.=17, 
t=0.29) and “P-tactile/V-sucrose” group (t-test, N=20, peppermint; 1st-2nd: P=0.48, d.f.=18, t=0.721; 
1st-3rd: P=0.756, d.f.=19, t=0.315; 1st-4th: P=0.853, d.f.=17, t=0.188; 1st-5th: P=0.97, d.f.=19, t=0.038). 
Responses to the odor associated with tactile stimulation or control (apple) odor at 30 min after 
conditioning trials did not significantly differ from those before conditioning trials for both the 
“P-sucrose/V-tactile” group (t-test, N=18; vanilla: P=0.543, d.f.=17, t=0.621; apple: P=0.387, d.f.=17, 
t=0.889) and “P-tactile/V-sucrose” group (t-test, N=20; peppermint: P=0.51, d.f.=18, t=0.673; apple: 
P=0.556, d.f.=18, t=0.601). The results indicate that tactile stimulation presented to an antenna is not an 
effective US for achieving conditioning of activities of salivary neurons. The results also indicate that 
conditioning can be achieved for both peppermint (Fig. 4-3.A, B) and vanilla (Fig. 4-3.C) odors. 
   Next, I studied whether water stimulation of an antenna is effective for achieving conditioning. In 
cockroaches, no receptor neurons that specifically respond to water have been reported in antennal taste 
hairs (Hansen-Delkeskamp and Hansen, 1995), but the possibility that such receptor neurons are present 
cannot be ruled out. A group of cockroaches was subjected to five sets of “P-sucrose/V-water” 
conditioning trials (Fig. 4-3.D). The magnitudes of responses of salivary neurons to sucrose-associated 
peppermint odor at the second and subsequent sets of conditioning trials were significantly greater than 
those at the initial conditioning trial (t-test, N=20; 1st-2nd: P=0.0002, d.f.=18, t=4.568; 1st-3rd: P=0.002, 
d.f.=18, t=3.632; 1st-4th: P=0.0001, d.f.=18, t=4.829; 1st-5th: P=0.003, d.f.=17, t=3.489). Responses to 
sucrose-associated peppermint odor at 30 min after conditioning trials were significantly greater than 
those before conditioning trials (t-test, N=20, P=0.002, d.f.=19, t=3.545). In contrast, the magnitude of 
responses to the water-associated vanilla odor at the second and subsequent sets of conditioning trials did 
not significantly differ from that at the initial conditioning trial (t-test, N=20; 1st-2nd: P=0.829, d.f.=19, 
t=0.219; 1st-3rd: P=0.136, d.f.=19, t=1.559; 1st-4th: P=0.219, d.f.=19, t=1.271; 1st-5th: P=0.278, d.f.=19, 
t=1.116). Responses to water-associated vanilla or apple (control) odor at 30 min after conditioning trials 
did not significantly differ from those before conditioning trials (t-test, N=20; vanilla: P=0.529, d.f.=19, 
t=0.642; apple: P=0.801, d.f.=19, t=0.256). The results indicate that water is not an effective US for 
achieving conditioning. 
  To further confirm that water is not an effective US for achieving conditioning, I studied the effect of 
five sets of “P-alone/V-water” conditioning trials (Fig. 4-3.E). The magnitudes of responses to peppermint 
odor presented alone or water-associated vanilla odor at the second and subsequent sets of conditioning 
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trials did not significantly differ from those at initial conditioning trial (t-test, N=21; peppermint, 1st-2nd: 
P=0.112, d.f.=20, t=1.664; 1st-3rd: P=0.175, d.f.=20, t=1.407; 1st-4th: P=0.532, d.f.=20, t=0.636; 1st-5th: 
P=0.058, d.f.=20, t=2.012; vanilla, 1st-2nd: P=0.82, d.f.=19, t=0.23; 1st-3rd: P=0.675, d.f.=18, t=0.426; 
1st-4th: P=0.894, d.f.=19, t=0.135; 1st-5th: P=0.65, d.f.=19, t=0.46). The magnitude of responses to the 
peppermint odor presented alone, water-associated vanilla odor or apple (control) odor at 30 min after 
conditioning trials did not significantly differ from that before conditioning trials (t-test, N=21; 
peppermint: P=0.884, d.f.=20, t=0.148; vanilla: P=0.895, d.f.=20, t=0.134; apple: P=0.076, d.f.=17, 
t=1.891). The results confirm that water is not an effective US for achieving conditioning of activities of 
salivary neurons. I conclude that stimulation of antennal sucrose receptor neurons is needed to achieve 
conditioning. 
 
3.4. Effects of antennal sodium chloride US for achieving conditioning of activities of salivary neurons 
Next, I studied whether presentation of sodium chloride solution to an antenna can serve as an effective 
US for achieving conditioning of activities of salivary neurons. A group of cockroaches was subjected to 
eight sets of “P-NaCl/V-water” conditioning trials (Fig. 4-4). The magnitudes of responses of salivary 
neurons to sodium chloride-associated peppermint odor at the second and subsequent sets of conditioning 
trials were significantly greater than those at the initial conditioning trial (t-test, N=20; 1st-2nd: P=0.003, 
d.f.=17, t=3.518; 1st-3rd: P=0.013, d.f.=17, t=2.758; 1st-4th: P=0.002, d.f.=17, t=3.713; 1st-5th: P=0.0004, 
d.f.=17, t=4.019; 1st-6th: P=0.004, d.f.=17, t=3.331; 1st-7th: P=0.014, d.f.=16, t=2.751; 1st-8th: P=0.01, 
d.f.=16, t=2.938). The magnitude of response to sodium chloride-associated peppermint odor at 30 min 
after conditioning trials was significantly greater than that before conditioning trials (t-test, N=20, 
P=0.031, d.f.=19, t=2.336). In contrast, the magnitude of responses to the water-associated vanilla odor at 
the second and subsequent sets of conditioning trials did not significantly differ from that at the initial 
conditioning trial (t-test, N=20; 1st-2nd: P=0.727, d.f.=18, t=0.354; 1st-3rd: P=0.608, d.f.=18, t=0.523; 
1st-4th: P=0.3, d.f.=18, t=1.066; 1st-5th: P=0.814, d.f.=18, t=0.239; 1st-6th: P=0.128, d.f.=19, t=1.589; 
1st-7th: P=0.838, d.f.=18, t=0.207; 1st-8th: P=0.831, d.f.=18, t=0.216). The magnitude of responses to 
water-associated vanilla or apple (control) odor at 30 min after conditioning trials did not significantly 
differ from that before conditioning trials (t-test, N=20; vanilla: P=0.09, d.f.=19, t=1.788; apple: P=0.064, 
d.f.=19, t=1.971). Thus, I conclude that stimulation of sodium chloride receptors on the antenna is 
effective for achieving conditioning of activities of salivary neurons.  
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3.5. Salivation response to antennal gustatory or tactile stimulation 
The finding that antennal gustatory US is effective for achieving conditioning of activities of salivary 
neurons strongly suggests that it is also effective for achieving conditioning of salivation. However, this 
needs to be demonstrated experimentally, because salivation is controlled also by STS neurons (Waltz et 
al., 2006), for which analysis of activities are difficult.  
   Restrained cockroaches exhibited steady levels of salivation of 100-150 nl/min (Fig. 4-5.A), in 
agreement with our previous observations (Watanabe and Mizunami, 2006, 2007). Tactile, sucrose 
solution, sodium chloride solution or water stimulation induced increased levels of salivation for 2-3 min 
(Fig. 4-5.A). To statistically evaluate the increase in the levels of salivation in response to gustatory or 
tactile stimulation, the amount of saliva secreted during a 2-min period after onset of stimulation (R) was 
compared with that during a 2-min period before stimulation (R0) (Fig. 4-5.B). There were significant 
increases in the levels of salivation in response to tactile stimulation (N=17, P<0.01, T=10), sucrose 
solution (N=12, P<0.01, T=0), sodium chloride solution (N=12, P<0.01, T=0) and water (N=12, P<0.01, 
T=0). The levels of salivation in response to water, sucrose solution and sodium chloride solution did not 
significantly differ among the three groups (K-W test, df=3, P=0.905, T=0.563). 
 
3.6. Salivary conditioning with antennal gustatory US 
I studied whether gustatory or tactile stimulation can serve as an effective US for achieving conditioning 
of salivation. Three groups of cockroaches were each subjected to five sets of “P-sucrose/V-alone”, 
“P-alone/V-sucrose” or “P-NaCl/V-alone” conditioning trials (Fig. 4-6.A). At 30 min after conditioning, 
peppermint, vanilla and apple odors were presented to an antenna for 2 sec in a random sequence with 
intervals of 6 min, and the changes in the levels of salivation in response to the odors were measured. At 
30 min after conditioning trials, sucrose- or sodium chloride-associated odor and apple (control) odor 
induced significant increases in the levels of salivation in all groups, namely, “P-sucrose/V-alone” group 
(Fig. 4-6.B, N=12; peppermint: P<0.01, T=1; apple: P<0.01, T=0), “P-alone/V-sucrose” group (Fig. 4-6.C, 
N=13; vanilla: P<0.01, T=0; apple: P<0.01, T=0) and “P-NaCl/V-alone” group (Fig. 4-6.D, N=15; 
peppermint: P<0.01, T=15; apple: P<0.01, T=2). In contrast, the odors presented alone did not induce 
significant changes in the levels of salivation in all groups (Fig. 4-6.B, “P-sucrose/V-alone”, N=12; 
vanilla: P>0.05, T=30; Fig. 4-6.C, “P-alone/V-sucrose”, N=13; peppermint: P>0.05, T=45; Fig. 4-6.D, 
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“P-NaCl/V-alone”, N=15; vanilla: P>0.05, T=56). The results indicate that sucrose or sodium chloride 
solution presented to an antenna serves as an effective US for achieving conditioning of salivation. The 
results also indicate that both peppermint and vanilla can serve as effective CS. 
   Finally, to test whether antennal presentation of water serves as an effective US, I studied the effects 
of five sets of “P-water/V-alone” conditioning trials (Fig. 4-6.A). In tests performed at 30 min after 
conditioning trials, no significant increase in the levels of salivation in response to water-associated 
peppermint odor (Fig. 4-6.E, N=15, P>0.05, T=48) or vanilla odor presented alone (Fig. 4-6.E, N=15, 
P>0.05, T=19) was found. This was not due to the deterioration of the preparation, because a significant 
increase in the level of salivation was found in response to apple (control) odor (Fig. 4-6.E, N=15, P<0.01, 
T=2). The results indicate that antennal presentation of water does not serve as an effective US. Thus, 





I examined whether the presentation of gustatory (sucrose solution or sodium chloride solution), water or 
tactile stimulation to an antenna can serve as an effective US in conditioning of salivation and of activities 
of salivary neurons in cockroaches. I found that (1) presentation of sucrose, sodium chloride, water or 
tactile stimulation to an antenna induced significant salivation responses as well as responses in salivary 
neurons, (2) after a single pairing of an odor with sucrose or sodium chloride solution presented to an 
antenna, the odor induced significantly increased levels of salivation or responses of salivary neurons, (3) 
the conditioning effects could be retained for 30 min, and (4) water or tactile stimulation presented to an 
antenna did not serve as effective US. I conclude that stimulation of sugar or salt receptors on the antenna 
can serve as an effective US for achieving conditioning of salivation or of activities of salivary neurons. 
The threshold concentration of sucrose solution to induce a significant level of responses in salivary 
neurons (50 mM; Fig. 4-2) was as high as that reported for sugar receptors on the cockroach antenna (~50 
mM; Hansen-Delkeskamp, 1992; Hansen-Delkeskamp and Hansen, 1995). In contrast, the threshold 
concentration of sodium chloride solution to induce responses in salivary neurons (500 mM) was about 
ten-times higher than that reported for salt receptors (Hansen-Delkeskamp, 1992; Rüth, 1976). Therefore, 
sucrose solution is more effective than sodium chloride solution when applied to the antenna in inducing 
activities of salivary neurons. 
   Contact chemosensory sensilla on the cockroach antenna contain two or three gustatory receptors 
(Nishino et al., 2005), one of which is a salt receptor and the other a sugar receptor (Hansen-Delkeskamp, 
1992; Hansen-Delkeskamp and Hansen, 1995; Rüth, 1976). Axons of presumptive gustatory afferents, 
stained by dye-fillings of the sensilla, project into the dorsal lobe of the deutocerebrum and the anterior 
ventral region of the subesophageal ganglion (SEG) (Nishino et al., 2005). Dendrites of SN1 arborize in 
the anterior ventral region of the SEG and those of SN2 arborize in a more posterior region (Gifford et al., 
1991; Watanabe and Mizunami, 2006). Thus, it is likely that responses of salivary neurons to antennal 
gustatory stimulations reflect monosynaptic inputs from antennal salt and sugar receptors and/or 
polysynaptic inputs from these neurons via interneurons in the SEG.  
   I observed a slight mismatch between the activities of salivary neurons and the levels of salivation 
when the responses to sucrose solution and sodium chloride solution were compared with the response to 
water. Sucrose solution of >50 mM or sodium chloride solution of >500 mM induced significantly greater 
levels of responses in salivary neurons than the level of response induced by water (Fig. 4-2). However, 
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the level of salivation in response to water did not significantly differ from that to sucrose solution (500 
mM) or sodium chloride solution (5 M) (Fig. 4-5). One possible explanation for this is that increased 
activities of salivary neurons led to a saturation of the level of salivation. Alternatively, this apparent 
mismatch might reflect that salivation is also controlled by STS neurons (Walz et al., 2006). At present, 
no information on whether STS neurons respond to gustatory or olfactory stimulation is available. 
   One set of differential conditioning trials to associate olfactory CS with sucrose or sodium chloride 
US presented to an antenna was sufficient to achieve an immediate conditioning effect. Therefore, sucrose 
or sodium chloride solution applied to an antenna is as effective as that applied to the mouth (Watanabe 
and Mizunami, 2006, 2007) for achieving salivary conditioning. In olfactory conditioning of the 
proboscis extension reflex (PER) in honey bees, however, sucrose solution presented to an antenna was 
much less effective than that presented to the proboscis for achieving conditioning (Bitterman et al., 1983; 
Wright et al., 2007). Wright et al. (2007), for example, reported that the level of olfactory memory 
observed immediately after a single conditioning trial with sucrose US presented to an antenna is 
significantly lower than that observed after a single conditioning trial with sucrose US presented to the 
proboscis or to both the antenna and the proboscis. The difference in the effectiveness of antennal sucrose 
stimulation for achieving conditioning in cockroaches and honey bees may be explained by different 
functions of their antennae. Cockroaches heavily rely on their antennae for exploration of the 
environment to search for food by gustatory receptors (Lent and Kwon, 2004; Okada and Toh, 2006), 
whereas honey bees also utilize their mobile proboscis to search for food and thus may rely less on their 
antennae to detect food. Therefore, I speculate that sucrose signals detected by antennae may be more 
relevant to the detection of foods in cockroaches than in honey bees. In any case, the ease to achieve 
salivary conditioning with antennal gustatory US in the cockroach makes this system advantageous as a 
model to study neural mechanisms underling learning and memory. 
   I found that olfactory memory formed by five sets of differential conditioning trials can be retained 
for 30 min, but I have not yet studied how long this memory can be retained. In classical conditioning of 
salivation or activities of salivary neurons, memory formed by five sets of differential conditioning with 
sucrose US applied to the mouth was retained for at least 1 day after conditioning (Watanabe and 
Mizunami, 2007, 2006). However, in PER conditioning using honey bees, olfactory memory formed by 
conditioning trials with antennal sucrose US decayed rapidly and recall was significantly low at 1 day 
after conditioning (Wright et al., 2007). Further study is needed to determine whether antennal gustatory 
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US is also effective for achieving long-term memory in salivary conditioning. 
   Water or tactile stimulation presented to an antenna induced increased levels of salivation or activities 
of salivary neurons, but it did not induce conditioning of salivation or of activities of salivary neurons. 
This is in contrast to the fact that antennal presentation of sucrose or sodium chloride solution induced 
both salivation and conditioning of salivation. I speculate that the value of water or tactile signal detected 
by antennae to predict food is lower than that of sucrose or sodium chloride signal, and thus it is less 
effective for achieving conditioning of salivation. 
   Sucrose and sodium chloride solution applied to the mouth induced an increase in the level of 
salivation in cockroaches (Watanabe and Mizunami, 2007). Since cockroaches eagerly drink sucrose 
solution but disgorge sodium chloride solution when the solutions are presented to the mouth (Watanabe 
et al., 2003), It is envisaged that salivation response to sucrose solution presented to the mouth is a part of 
appetitive responses to prepare for food intake while that to sodium chloride solution is a part of 
avoidance response to disgorge and dilute potentially harmful food items. In accordance with our 
suggestion, I have shown that sucrose or sodium chloride serve as appetitive or aversive US in olfactory 
conditioning: after pairing an odor with sucrose or sodium chloride solution applied to the mouth, freely 
behaving cockroaches visit sucrose-associated odor source and avoid visiting sodium chloride-associated 
odor source (Sato et al., 2006; Watanabe et al., 2003). 
   It can be questioned, however, whether salivary response to sodium chloride stimulation applied to an 
antenna is a part of aversive response. This is rather unlikely because if sodium chloride applied to an 
antenna predicts the arrival of aversive food, cockroaches should simply avoid consuming it, and thus 
salivation would have no biological significance except possibly being used later for cleaning the 
stimulated antenna. Indeed, observation of feeding behavior of cockroaches showed that cockroaches do 
not retract when a high concentration of sodium chloride solution came into contact with the antennae, 
although they vigorously reject it when the solution came into contact with the mouth or palpi (Watanabe 
and Mizunami, unpublished observation). I assume that sodium chloride applied to an antenna predicts 
food intake and that salivation in response to it is a part of appetitive response. If this is really the case, 
freely behaving cockroaches should prefer the odor conditioned with sodium chloride solution applied to 
an antenna, although cockroaches avoid the odor associated with sodium chloride applied to the mouth 
(Watanabe et al., 2003). In classical conditioning in crickets, pharmacological evidence has suggested that 
octopaminergic and domapinergic neurons convey reward and punishment signals, respectively, in 
 72
conditioning of olfactory and visual signals (Unoki et al., 2005, 2006). Studies of neurotransmitters 
involved in salivary conditioning with sodium chloride US applied to an antenna and that to the mouth 
will help to elucidate the biological significance of conditioning of salivation with antennal gustatory US. 
   Olfactory learning in insects has been used as a pertinent model in which to study neural mechanisms 
underlying learning and memory (Guirfa, 2007; Heisenberg, 2003; Menzel and Guirfa, 2006). In honey 
bees (Erber et al., 1980; Hammer and Menzel, 1998) and fruit-flies (Heisenberg, 2003; Schwaerzel et al., 
2003; Thum et al., 2007), the antennal lobes (primary olfactory center) and the mushroom bodies (a 
higher olfactory center that processes multisensory signals) have been suggested to be the sites of 
convergence of olfactory CS and gustatory US to form association between these signals. In honey bees, 
it has been reported that an extrinsic neuron of the mushroom body named PE-1 neuron 
(pedunculus-extrinsic neuron) reduces its response to sucrose-associated odor and that inhibitory synaptic 
inputs from GABAnergic neurons play roles in the neural plasticity of the PE-1 neuron (Mauelshagen, 
1993; Menzel, and Manz, 2005; Okada et al., 2007). In cockroaches, several classes of mushroom body 
extrinsic neurons and GABAnergic neurons innervating the mushroom body have been anatomically and 
physiologically characterized by using intracellular recording and staining (Li and Strausfeld, 1997, 1999; 
Nishino and Mizunami, 1998). These offer the basis for the study of neural mechanisms underlying 
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Fig. 4-1. Experimental procedures. (A) A cockroach is restrained for extracellular recording of activities from a 
salivary duct nerve (SDN). Olfactory, gustatory, tactile or water stimulus was presented to the antenna ipsilateral to 
the under the recording SDN. (B) Arrangement of extracellular recording from a SDN, a lateral view. The SDN 
originates from the subesophageal ganglion (SEG) and runs along the surface of the salivary duct (SD) to innervate 
the salivary glands. The SD and SDN were hooked by a pair of tungsten electrodes. CC, cervical connective; CEC, 
circumesophageal connective. A, anterior; P, posterior; V, ventral; D, dorsal. (C) Stimulus schedules for differential 
conditioning trials. Five sets of differential conditioning trials were carried out during recording from a SDN. One 
"P-US1/V-US2" differential conditioning trial set consisted of the presentation of peppermint odor (shaded squares) 
2 sec before the presentation of an unconditioned stimulus (US 1; open squares) and subsequent presentation of 
vanilla odor (hatched squares) 2 sec before the presentation of another unconditioned stimulus (US 2; dotted 
squares). The durations of CS and US were 4 sec. The inter-trial intervals were 5 min. To evaluate the conditioning 
effects, responses of salivary neurons to 2-sec presentation of peppermint, vanilla or apple (control) odor were 
























Fig. 4-2. Responses of salivary neurons to sucrose, sodium chloride, water or tactile stimulus presented to an 
antenna. In one group of cockroaches, responses of salivary neurons to sucrose (sucrose; black diamonds) or sodium 
chloride solution (NaCl; white squares) of various concentrations and to water were measured. In another group, 
responses to tactile stimuli (tactile; black circle) were measured. Relative responses, measured as relative increase of 
spike frequency, are shown as means ± s.e.m. Broken line indicates the mean relative response to water stimulation 
(water; white triangle). Response to sucrose or sodium chloride solution was statistically compared to that to water, 
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Fig. 4-3. Effects of sucrose, water or tactile US applied to an antenna for achieving conditioning of activities of 
salivary neurons. Five groups of cockroaches were each subjected to "P-sucrose/V-alone (A)", "P-sucrose/V-tactile 
(B)", "P-tactile/V-sucrose (C)", "P-sucrose/V-water (D)" or "P-sucrose/V-water (E)" differential conditioning trials. 
The stimulus schedule for conditioning is illustrated at the top of each figure. Responses of salivary neurons to 
peppermint (shaded bars and solid line), vanilla (hatched bars and dashed line) or apple (control) odor (vertical 
striped bar) were measured at 10 min before (Test 1), during (acquisition) and at 30 min after (Test 2) conditioning 
trials. The responses are shown as means ± s.e.m. Odor responses at the second and subsequent conditioning trials 
were compared to those at the first conditioning trial, and those at the 30-min retention test (Test 2) were compared 
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Fig. 4-4. Effects of antennal sodium chloride US for achieving conditioning of activities of salivary neurons. Cockroaches were 
subjected to eight sets of "P-NaCl/V-water" conditioning trials. Responses of salivary neurons to peppermint (shaded bars and 
solid line), vanilla (hatched bars and dashed line) or control apple odor (vertical striped bar) were measured at 10 min before 
(Test 1), during (acquisition) and 30 min after conditioning trials (Test 2). The stimulus schedule for conditioning is illustrated at 
the top of the figure. The responses are shown as mean ± s.e.m. Odor responses at the 2nd and subsequent conditioning trials 
were compared with those at the first conditioning trial, and those at the 30-min retention test (Test 2) were compared with those 












































water, sucrose and NaCl: N=12
tactile: N=17
sucrosewater NaCltactile
Fig. 4-5. Salivary responses to gustatory or tactile stimulus applied to an antenna. (A) In one group of cockroaches, 500 mM 
sucrose solution (sucrose; broken line), 5 M sodium chloride solution (NaCl; dotted line) and water (water; dashed line) were 
presented to an antenna for 4 sec with intervals of 6 min. In another group of cockroaches, an antenna was gently touched with a 
dry filter paper for 4 sec (tactile; solid line). The amount of saliva secreted from the salivary duct was measured every 1 min and 
the values are shown as means ± s.e.m. Arrowhead and vertical dashed line showed onset of stimulation. (B) For statistical 
evaluation, the amount of saliva secreted for a 2-min period after the onset of gustatory or tactile stimulation (R; black bar) was 
compared with that before stimulation (R0; white bar). Asterisks indicate the levels of significance (** <P=0.01; WCX-test).
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Fig. 4-6. Effects of antennal sucrose or sodium chloride US for achieving conditioning of salivation. (A) Stimulus schedules for 
differential conditioning. Four groups of cockroaches were each subjected to five sets of "P-sucrose/V-alone", "P-alone/V-
sucrose", "P-NaCl/V-alone" or "P-water/V-alone" conditioning trials. The changes in the levels of salivation in response to the 
presentation of peppermint, vanilla and apple (control) odors were measured at 30 min after conditioning trials (Test; black 
squares). (B-E) The amounts of saliva secreted for a 2-min period before (R0; white bar) and after (R; black bar) 2-sec 
presentation of peppermint, vanilla and apple (control) odors were measured at 30 min after "P-sucrose/V-alone" (B), "P-alone/V-
sucrose" (C), P-NaCl/V-alone" (D) or "P-water/V-alone" (E) conditioning trials. The values are shown as means ± s.e.m. The 









Roles of mushroom body intrinsic neurons in olfactory conditioning revealed 




Cockroaches, Periplaneta americana, exhibit salivary conditioning in which olfactory conditioning 
stimulus (CS) is associated with gustatory unconditioned stimulus (US), and this conditioning can be 
monitored by changes in activities of salivary neurons. Here, I locally injected mecamylamine (MEC), an 
antagonist of nicotinic acetylcholine receptors (nAChRs), into three distinct areas of the olfactory CS 
pathways, namely, the antennal lobe (AL), the calyx of the mushroom body (MB) and the lateral 
protocerebrum (LPR), to investigate its effects on conditioning. By injecting MEC into the AL, MBs or 
LPRs, olfactory responses of salivary neurons were completely or partially abolished, suggesting that 
MEC-sensitive neurons in these brain areas participate in neural pathways mediating olfactory responses 
of salivary neurons. When MEC was injected into the MB calyces before conditioning, no effects of 
conditioning were observed during conditioning trials and in tests 2.5 hours after conditioning, at which 
time olfactory responses are fully recovered. This suggests that MEC-sensitive MB intrinsic neurons 
(Kenyon cells), or neurons in downstream neural pathways, participate in olfactory conditioning. When 
MEC was injected into the LPR, a major termination area of the MB efferent neurons that are 
postsynaptic to Kenyon cells, conditioning effects were not detected during conditioning trials but were 
detected in tests at 30 min after conditioning. This observation suggests that an association of CS and US 
underlying conditioning occurs in neurons upstream of the MEC-sensitive LPR neurons. Taken together, 
the results suggest that MEC-sensitive Kenyon cells play critical roles in olfactory conditioning.  
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1. Introduction 
After repetitive pairing of an odor (conditioning stimulus; CS) with sucrose solution (unconditioned 
stimulus; US) applied to the mouth or the antenna, cockroaches exhibited increased level of salivation in 
response to the odor (Watanabe and Mizunami, 2007). This conditioning is easily monitored by changes 
in activities of salivary neurons that control salivation (Watanabe and Mizunami, 2006), it serves as an 
excellent model to study neural mechanisms underlying learning and memory when combined with 
chronic recording from individual brain neurons. Such study, however, requires knowledge about the 
brain areas or neurons in which association of CS and US occurs. The aim of this study was to obtain 
insights into this question. 
The olfactory pathway of cockroaches has been extensively studied anatomically and physiologically 
at the level of individual neurons. Odors are sensed by olfactory receptor neurons (ORNs) on antennae 
(Boeckh and Ernst, 1987; Getz and Akers, 1997). Axons of ORNs project to the antennal lobe (AL), the 
primary olfactory center, and make synaptic connections with dendrites of AL efferent neurons, namely, 
projection neurons (PNs) and local interneurons (Boeckh and Tolbert, 1993; Ernst and Boeckh, 1983). 
Axons of PNs project to the protocerebrum (PR) and terminate in the calyces of the mushroom bodies 
(MBs) and the lateral protocerebrum (LPR) (Malun et al., 1993; Strausfeld and Li, 1999a). Intrinsic 
neurons of the MB, the Kenyon cells, receive synaptic input from PNs in the lateral and medial calyces of 
the MB, and their axons project to the lobes, via the pedunculus, and make synaptic connections with 
dendrites of efferent neurons in the pedunculus and the lobes (Mizunami, Iwasaki, Okada, and Nishikawa, 
1998a; b; Strausfeld and Li, 1999b). Axons of MB efferent neurons project to the LPR, in addition to 
several other PR areas including the medial PR (Li and Strausfeld, 1997; 1999; Strausfeld and Li, 1999a). 
Cockroaches with ablated MBs failed to perform visual place learning (Mizunami et al., 1998).  
In olfactory conditioning of honey bees and fruit-flies, the ALs and the MBs have been implicated to 
be the sites where olfactory CS is associated with gustatory US. In honey bees, pairing of olfactory 
stimulus with artificial excitation of the VUMmx1 octoperminergic neuron, which innervates the ALs, 
MB calyces and the LPRs, induced a conditioning effect (Hammer, 1993). Moreover, a conditioning 
effect was also observed when an olfactory stimulus was paired with octopamine injection into the 
calyces of the MB or the AL (Hammer and Menzel, 1998). In fruit-flies, forced expression of wild-type 
form of Rutabaga protein, i.e., type 1 adenylate cyclase, in either Kenyon cells or PNs in rutabaga 
mutants is sufficient for rescuing the defect in short-term memory after classical conditioning of olfactory 
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CS with sucrose US (Schwaerzel et al., 2003; Thum et al., 2007).  
   There has been an accumulation of evidence indicating that acetylcholine (ACh) is the major 
neurotransmitter of ORNs and PNs. In cockroaches, acetylcholineesterase is distributed in the ALs, 
calyces of the MB and the LPR (Frontali et al., 1971; Hess, 1972). In honey bees, neurons 
immunoreactive to ACh receptors (AChRs) and acetylcholinesterase are distributed in the ALs, calyces of 
the MB and the LPR (Armengaud et al., 2001; Bicker, 1999; Kreissl and Bicker, 1989; Scheidler et al., 
1990), and mRNA is detected in the PNs and Kenyon cells by in situ hybridization for AChR subunit 
(Thany et al., 2003; Thany et al., 2005). In addition, patch-clamp studies demonstrated that PNs and 
Kenyon cells are responsive to ACh in honey bees (PNs: Barbara et al., 2005; Kenyon cells: Goldberg et 
al., 1999; Oleskevich, 1999; Wüstenberg, and Grünewald, 2004), fruit-flies (Gu and O'Dowd, 2006) and 
crickets (Cayre et al., 1999). In fruit-flies, PNs containing choline acetyltransferase, an enzyme catalyzing 
the biosynthesis of ACh, make synaptic connections with Kenyon cells in the calyces of the MB 
(Yasuyama et al., 2002) and with neurons in the LPR (Yasuyama et al., 2003). 
   In this study, I locally injected mecamylamine (MEC), an ACh antagonist in a type of nicotinic 
acetylcholine receptor (nAChR), into the AL, the MB calyces or the LPRs to examine its effects on 
olfactory conditioning. Insect AChRs are divided into nAChRs and muscarinic AChRs. The former 
consists of diverse subtypes assembled as five subunit combinations, and subunit combinations determine 
the distinct pharmacological properties of nAChRs (Thany et al., 2007). Ten nAChR subunits have been 
identified by molecular cloning in fruit-flies (Dα1-Dα7 and Dβ1-Dβ3) and honey bees (Apisα1-Apisα9 
and Apisβ1) (Millar and Denholm, 2007). However, the subunit composition of native insect nAChRs 
remains unclear. Pharmacological profiling shows that there exist at least two pharmacologically distinct 
classes of nAChRs, α-bungarotoxin-sensitive and -insensitive, and detailed studies in isolated cockroach 
DUM-neurons revealed two types of α-bungarotoxin-insensitive nAChRs, one being MEC-sensitive and 
the other being D-tuboculine-sensitive (Buckingham et al., 1997; Courjaret and Lapied, 2001). Insect 
α7-like subunits (Drosophila: Dα5, Dα6 and Dα7 subunits, honey bees: Apisα5, Apisα6 and Apisα7 
subunits) are potential candidates to form α-bungarotoxin-sensitive nAChRs (Thany et al., 2007), and 
Apisα2 and Apisα3 subunits in honey bees are potential candidates to form α-bungarotoxin-insensitive 
nAChRs (Thany et al., 2003, 2005). The use of MEC for the experiment is based on reports that PNs and 
Kenyon cells, which are postsynaptic to ORNs and PNs, respectively, possess putatitive MEC-sensitive 
nAChRs, as well as MEC-insensitive nAChRs (Thany et al., 2003, 2005). I found that olfactory 
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conditioning of activities of salivary neurons is impaired by injection of MEC into the MB calyces but not 
by injection into the LPRs. Based on this and other observations, I suggest that MEC-sensitive Kenyon 
cells play critical roles in olfactory conditioning.  
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2. Materials and Methods 
2.1. Insects 
Adult male cockroaches, Periplaneta americana, were used in this study. Details have been described in 
“Material and Methods” of chapter 2. 
 
2.2. Extracellular recordings of activities of salivary neurons 
The methods for extracellular recording from a salivary duct nerve (SDN) were described in detail in 
“Material and Methods” of chapter 4 (Fig. 5-1.A). 
 
2.3. Injections and evaluation of drug distribution 
The frontal surface of the brain was exposed by removing a small piece of cuticle, and small muscles and 
trachea over the brain were removed. A borosilicate glass capillary pulled on a laser microelectrode puller 
(Sutter Instruments, Novato, CA) was filled with mecamylamine (MEC) (Sigma) or saline solution at the 
tip. A glass capillary was inserted into the protocerebrum (PR) after removing the neural sheath. A volume 
of 0.5 nl of saline or saline containing MEC was injected bilaterally into the ALs, LPRs, or median and 
lateral calyces of the MBs by using a pressure microinjector (PV 820, World Precision Instruments, 
Sarasota, FL USA).  
To confirm the success of injection and to evaluate the range of diffusion of the injected solution, a 
visible marker Lucifer Yellow (LY, 0.1%) was added to the injected solution. Immediately after the 
experiments, brains were dissected out, fixed overnight at 4℃ in 4% formaldehyde in Millonig’s buffer 
adjusted at pH 7.2. After the brains had been dehydrated and cleared, the distribution of LY was examined 
by using a confocal laser scanning microscope. Animals with no or little LY in the brain were discarded 
from data evaluation, since it likely indicates a failure in injection. 
 
2.4. Measurement of olfactory responses of salivary neurons 
I first studied the effects of drug injection on odor responses of salivary neurons. In four groups of 
animals, 0.5 nl of saline or saline containing 1 mM, 10 mM or 100 mM MEC was injected into the ALs 
immediately after exposure of the brain, and the responses of salivary neurons to apple odor were 
measured at 10 min before (Test 1) and 10 min (Test 2), 30 min (Test 3) and 60 min (Test 4) after 
injection (Fig. 5-1.B). In another group of cockroaches, 0.5 nl of saline or saline containing MEC was 
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injected into the MB calyces, and the responses of salivary neurons to peppermint, vanilla or apple odor 
were measured at 10 min before (Test 1) and 10 min (Test 2), 30 min (Test 3), 60 min (Test 4) and 3 hours 
(Test 5) after injection (Fig. 5-1.C). Test 1 was performed 15 min after exposure of the brain. Two more 
groups of cockroaches were injected with 0.5 nl of saline or saline containing MEC into the LPRs. The 
procedures for the measurement of responses were the same as those in groups that received drug 
injection into the MB calyces, except that Test 5 was omitted. In all tests, olfactory stimuli were delivered 
to an antenna using the continuous airflow system described in previous chapters and presented 3 times 
for 2 sec with a random sequence at intervals of >20 sec. 
 
2.5. Conditioning procedure and evaluation of conditioning effects 
The procedure for classical conditioning of olfactory CS with gustatory US was modified from that 
reported previously (Watanabe et al., 2003; Watanabe and Mizunami, 2006; 2007). Immobilized 
cockroaches were subjected to five sets of differential conditioning trials with inter-trial intervals of 2 min 
(Fig. 5-1.D). One differential conditioning trial set consisted of presentation of peppermint odor paired 
with sucrose solution and subsequent unpaired presentation of vanilla odor. Both olfactory CS and 
gustatory US were presented to an antenna ipsilateral to the under the recording SDN. The duration of CS 
and US was 4 sec, and the onset of CS preceded the onset of US by 3 sec (Fig. 5-1.C). Sucrose solution 
was presented by touching the antenna with a rectangular filter paper (0.5 × 1 cm) soaked with 10 μl of 
500 mM sucrose solution. Conditioning trials were performed at 10 min after drug injection, and apple 
(control) odor was presented at 1 min before the initial trial and at 1 min after the final trial. 
   To evaluate the conditioning effects, responses of salivary neurons to odors were measured at 20 min 
before (Test 1) and 30 min (Test 2) and 2.5 hours (Test 3) after conditioning trials. During testing, 
peppermint, vanilla and apple (control) odors were each presented 3 times for 2 sec with a random 
sequence at intervals of >20 sec. Test 1 was initiated >30 min after completing the set-up of the 
electrophysiological recording. 
  
2.6. Data analysis 
Salivary neurons exhibit spontaneous spike activities (Watanabe and Mizunami, 2006). The magnitude of 
responses of salivary neurons to odor stimulation was measured as relative increase in spike frequency 
from the spontaneous level, i.e., 100(R-R0)/(R+R0) (%). R or R0 are summed spike frequency of two 
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salivary neurons (SN1 and SN2) during the first 2 sec of odor stimulation or that during a 2-sec period 
before the onset of odor stimulation, respectively. Responses of salivary neurons to apple odor at each test 
were compared with those at initial responses before drug injection. The conditioning effect was 
evaluated by comparing responses of salivary neurons to sucrose-associated peppermint odor with those 
to unpaired vanilla odor at each conditioning trial and in tests after conditioning.    
   All statistical evaluation was performed using Microsoft Excel and Excel statistics software programs 
(Esumi, Tokyo, Japan). Data on relative responses of salivary neurons to odor stimuli fitted to a normal 
distribution, and the paired t-test (t-test) was used for statistical evaluation. 
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3. Results 
3.1. Effects of local injection of MEC into the ALs 
I first studied the effects of local injection of MEC into the ALs on the responses of salivary neurons to 
apple odor presented to an antenna. In chapter 4, I reported that salivary neurons of untrained cockroaches 
exhibited strong response to apple odor. Four groups of cockroaches were injected with 0.5 nl saline or 
saline containing 1 mM, 10 mM or 100 mM MEC into the ALs. The injected solution contained 0.1% LY 
in order to evaluate the diffusion of injected solution. In most preparations, confocal microscopic 
observations after the experiments showed that the distribution of LY was confined within the ALs (Fig. 
5-2.A). Data from preparations in which LY was diffused outside the ALs were discarded. Salivary 
neurons exhibited a significant level of responses to apple odor before injection in all groups (Fig. 5-2.B). 
Responses of salivary neurons to apple odor in the test 30 min after conditioning did not significantly 
differ from those before saline injection (t-test, N=9; before-30 min: P=0.231, t=1.298), but they were 
significantly less in tests at 10 min and 60 min after saline injection (t-test, N=9; before-10 min: P=0.050, 
t=2.311; before-60 min: P=0.029, t=2.661). This might be due to slight damage by exposure of the brain. 
However, there were still significant levels of odor responses in all tests: the spike frequency was 
significantly higher during odor stimulation than that before stimulation (t-test, N=9; before: P=0.000, 
t=14.04; 10 min: P=0.001, t=5.038; 30 min: P=0.001, t=4.808; 60 min: P=0.004, t=4.004). Cockroaches 
injected with 0.5 nl of saline containing 1 mM MEC into the ALs also exhibited a significant level of 
responses to the apple odor in tests at 10 min, 30 min or 60 min after injection (t-test, N=10; before: 
P=0.000, t=6.710; 10 min: P=0.004, t=3.784; 30 min: P=0.000, t=6.127; 60 min: P=0.021, t=2.775). In 
contrast, cockroaches injected with >10 mM MEC into the ALs did not exhibit a significant level of 
responses to apple odor in all tests after injection (t-test, 10 mM MEC, N=9; before: P=0.000, t=9.674; 10 
min: P=0.095, t=1.896; 30 min: P=0.373, t=0.943; 60 min: P=0.311, t=1.075; 100 mM MEC, N=10; 
before: P=0.000, t=5.415; 10 min: P=0.512, t=0.683; 30 min: P=0.932, t=0.087; 60 min: P=0.568, 
t=0.593). Complete inhibition of olfactory responses of salivary neurons by >10mM MEC indicates that 
these responses are mediated via MEC-sensitive neurons in the AL, most likely PNs.  
   I did not perform a conditioning experiment in cockroaches injected with MEC into the ALs, because 
such an experiment does not help to elucidate the site of association of CS and US underlying 
conditioning: wherever the sites of the association are, conditioning should be fully impaired when 
synaptic transmission from ORNs is blocked (Fig. 5-5). In the following experiments, 0.5 nl saline 
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containing 10 mM MEC was injected into either of the downstream olfactory centers, i.e, the calyces of 
the MBs or the LPRs. 
 
3.2. Effects of local injection of MEC into calyces of the MBs 
Next, I studied the effects of local injection of MEC into the calyces of the MBs on olfactory responses of 
salivary neurons and on olfactory conditioning. In most preparations, the distribution of co-injected LY 
was restricted to median and lateral calyces of the MBs (Fig. 5-3.A). Data were discarded when LY was 
diffused outside the calyces.  
  One group of cockroaches was injected with 0.5 nl of saline containing 10 mM MEC into the MB 
calyces. Olfactory responses of salivary neurons to peppermint, vanilla and apple odors were studied 
before and 10 min, 30 min, 60 min and 3 hours after injection (Fig. 5-3.B). Responses of salivary neurons 
to apple odor were significantly less at 10 min, 30 min and 60 min after injection compared with those 
before injection (t-test, N=10; before-10 min: P=0.015, t=2.990; before-30 min: P=0.033, t=2.511; 
before-60 min: P=0.041, t=2.387). It is less likely that this is due to damage, since cockroaches injected 
with saline into the calyces exhibited no significant decrement of apple odor response after injection (see 
below). Therefore, the observed reduction of odor responses suggests that MEC-sensitive neurons of the 
calyces, most likely Kenyon cells, mediate odor responses of salivary neurons. The levels of responses to 
apple odor were reasonably high in all tests (t-test, N=10; before: P=0.002, t=4.299; 10 min: P=0.011, 
t=3.166; 30 min: P=0.001, t=4.551; 60 min: P=0.008, t=3.386; 3 hrs:  P=0.003, t=3.967), indicating that 
neurons other than MEC-sensitive Kenyon cells also mediate odor responses of salivary neurons. They 
may be MEC-insensitive neurons in the calyces or neurons in the olfactory pathway parallel to the MB, 
i.e., the pathway from the PNs to the LPR. At 3 hours after injection, responses of salivary neurons to 
apple odor were fully recovered (t-test, N=10; before-3 hrs:  P=0.696, t=0.404). In all tests, responses of 
salivary neurons to peppermint odor did not significantly differ from those to vanilla odor (t-test, N=10; 
before: P=0.613, t=0.524; 10 min: P=0.178, t=1.463; 30 min: P=0.880, t=0.155; 60 min: P=0.280, 
t=1.148; 3 hrs:  P=0.851, t=0.193). In subsequent conditioning experiments, therefore, vanilla or 
peppermint odor was used as CS, and apple odor was used as a control odor, as in our previous studies 
(Watanabe and Mizunami, 2006; 2007). 
   Additional two groups of cockroaches were injected with 0.5 nl of saline or saline containing 10 mM 
MEC into the MB calyces and subjected to five sets of differential conditioning trials in which 
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peppermint odor was paired with sucrose solution and vanilla odor was presented alone. Conditioning 
trials were started at 10 min after injection and completed at 30 min after injection. Responses of salivary 
neurons to sucrose-associated peppermint odor, unpaired vanilla odor and control apple odor were 
measured at 20 min before (Test 1: 10 min before injection) and 30 min (Test 2: 60 min after injection) 
and 2.5 hours after (Test 3: 3 hrs after injection) conditioning.     
   In the control group injected with saline into the calyces (Fig. 5-3.C), the levels of responses to apple 
odor during conditioning trials and in tests at 30 min and 2.5 hours  after conditioning did not 
significantly differ from that before conditioning (t-test, N=20; Test 1-1st: P=0.147, t=1.401; Test 1-5th: 
P=0.038, t=2.233; Test 1-Test 2: P=0.348, t=0.964; Test 1-Test 3: P=0.147, t=1.513). Thus, saline 
injection into the calyces had no significant effects on odor responses. Responses of sucrose-associated 
peppermint odor were significantly greater than those to unpaired vanilla odor at the second and 
subsequent sets of conditioning trials and in tests 30 min and 2.5 hours after conditioning (t-test, N=20; 
Test 1: P=0.850, t=0.192; 1st: P=0.099, t=1.735; 2nd: P=0.001, t=3.999; 3rd: P=0.001, t=4.055; 4th: P=0.000, 
t=4.958; 5th: P=0.004, t=3.381; Test 2: P=0.003, t=3.475; Test 3: P=0.000, t=6.639). Thus, injection of 
saline into the calyces had no effect on olfactory conditioning.  
   In the group injected with MEC into the calyces (Fig. 5-3.D), responses of salivary neurons to apple 
odor during conditioning trials and in the test at 30 min after conditioning were significantly less than 
those before conditioning (t-test, N=18; Test 1-1st: P=0.001, t=3.917; Test 1-5th: P=0.000, t=4.316; Test 
1-Test 2: P=0.001, t=4.141). However, the responses to apple odor were fully recovered in the test at 2.5 
hours after conditioning: the level of the responses did not significantly differ from that before 
conditioning (t-test, N=18; Test 1-Test 3: P=0.082, t=1.852). Responses of salivary neurons to 
sucrose-associated peppermint odor did not significantly differ from those to unpaired vanilla odor during 
conditioning trials and in tests at 30 min and 2.5 hours after conditioning (t-test, N=18; Test 1: P=0.841, 
t=0.204; 1st: P=0.559, t=0.597; 2nd: P=0.638, t=0.481; 3rd: P=0.368, t=0.927; 4th: P=0.775, t=0.290; 5th: 
P=0.055, t=2.082; Test 2: P=0.710, t=0.378; Test 3: P=0.831, t=0.217). This indicates that olfactory 
conditioning was fully impaired by MEC injection into the calyces. This finding suggests that 
MEC-sensitive neurons in the calyces, most likely Kenyon cells, or neurons downstream of 
MEC-sensitive calyx neurons, participate in olfactory conditioning.  
 
3.3. Effects of local injection of MEC into the LPRs 
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Next, I examined the effects of local injection of MEC into the LPRs on olfactory responses of salivary 
neurons and on olfactory conditioning. In most preparations, the distribution of LY was not restricted to 
the LPRs; it was distributed in areas near the protocerebrum (PR), including a part of the medial and 
dorsal protocerebrum (Fig. 5-4.A). This is probably because, in contrast to the AL and the calyces of the 
MBs, there are no glial sheets to compartmentalize the LPRs. They were no preparations in which LY had 
diffused into the AL or the MB.  
Two groups of cockroaches were injected with 0.5 nl of saline or saline containing 10 mM MEC into 
the LPRs, and the responses of salivary neurons to peppermint, vanilla and apple odors were studied 
before and at 10 min, 30 min and 60 min after injection. In the saline-injected group (Fig. 5-4.B), 
responses of salivary neurons to apple odor in all tests after injection did not significantly differ from 
those before injection (t-test, N=17; before-10 min: P=0.060, t=2.028; before-30 min: P=0.090, t=1.808; 
before-60 min: P=0.223, t=1.268), indicating no significant effects of saline injection on odor responses 
of salivary neurons. Responses of salivary neurons to peppermint odor did not significantly differ from 
those to vanilla odor in all tests after injection (t-test, N=17; 10 min: P=0.071, t=1.933; 30 min: P=0.633, 
t=0.487; 60 min: P=0.241, t=1.218), as in the test before conditioning (P=0.783, t=0.280). 
In the MEC-injected group (Fig. 5-4.C), responses of salivary neurons to apple odor significantly 
decreased at 10 min, 30 min and 60 min after injection compared with those before injection (t-test, 
N=21; before-10 min: P=0.000, t=6.538; before-30 min: P=0.000, t=4.831; before-60 min: P=0.001, 
t=3.698). This decrement suggests that MEC-sensitive neurons in the LPR or in neighboring PR areas 
mediate olfactory responses of salivary neurons. However, a significant proportion of responses to apple 
odor remained after MEC injection (t-test, N=17; before: P=0.000, t=6.650; 10 min: P=0.009, t=2.873; 30 
min: P=0.000, t=5.228; 60 min: P=0.000, t=5.668), indicating that MEC-insensitive neurons in the LPR 
or neurons in olfactory pathways not involving the LPR, such as the pathway involving MB efferent 
neurons projecting to the medial protocerebrum, also participate in mediating olfactory responses of 
salivary neurons.  
   Additional two groups of cockroaches were injected with 0.5 nl of saline or saline containing 10 mM 
MEC into the LPRs, and they were subjected to five sets of differential conditioning trials. Conditioning 
trials were started at 10 min after injection and completed at 30 min after injection. Responses of salivary 
neurons to sucrose-associated peppermint odor, unpaired vanilla odor and control apple odor were 
measured at 20 min before (Test 1: 10 min before injection) and 30 min (Test 2: 60 min after injection) 
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after conditioning. In the saline-injected control group (Fig. 5-4.D), responses of sucrose-associated 
peppermint odor were significantly greater than those to unpaired vanilla odor at the second and 
subsequent sets of conditioning trials and in the test at 30 min after conditioning (t-test, N=18; Test 1: 
P=0.603, t=0.530; 1st: P=0.966, t=0.044; 2nd: P=0.015, t=2.732; 3rd: P=0.018, t=2.625; 4th: P=0.000, 
t=4.929; 5th: P=0.000, t=5.530; Test 2: P=0.002, t=3.623). This indicates that saline injection into the 
LPRs did not significantly impair olfactory conditioning.  
   In the MEC-injected group (Fig. 5-4.E), responses of salivary neurons to apple (control) odor 
significantly decreased after conditioning compared with those before conditioning (t-test, N=18; 
P=0.015, t=2.717), yet there were significant increases of spike frequencies in response to apple odor 
(t-test, N=18; Test 1: P=0.000, t=7.006; Test 2: P=0.001, t=4.057). Before and during conditioning trials, 
responses of salivary neurons to sucrose-associated peppermint odor did not differ from those to unpaired 
vanilla odor (t-test, N=18; Test 1: P=0.654, t=0.456; 1st: P=0.830, t=0.218; 2nd: P=0.712, t=0.376; 3rd: 
P=0.496, t=0.696; 4th: P=0.118, t=1.653; 5th: P=0.151, t=1.507). This observation suggests that 
MEC-sensitive neurons in the LPR participate in the pathway mediating the conditioning effect. At 30 
min after conditioning trials, however, responses of salivary neurons to sucrose-associated peppermint 
odor were significantly greater than those to vanilla odor (t-test, N=18; P=0.002, t=3.554). Therefore, 
injection of MEC into the LPRs did not impair olfactory conditioning, indicating that intact activities of 
MEC-sensitive LPR neurons are not needed for achieving olfactory conditioning. Taken together, the 




4.1. Major findings 
I investigated the effects on olfactory conditioning by injecting MEC, an ACh antagonist in a type of 
nAChRs, into the ALs, MB calyces or LPRs. First, I found that responses of salivary neurons to odors 
were completely or partially diminished after local injection of MEC into these brain areas, indicating that 
MEC-sensitive neurons in these areas are involved in neural pathways mediating olfactory responses in 
salivary neurons. Second, injection of MEC into the MB calyces before conditioning impaired olfactory 
conditioning, indicating that MEC-sensitive neurons in the calyces, most likely Kenyon cells, or neurons 
in downstream olfactory pathways participate in olfactory conditioning. Third, when MEC was injected 
into the LPRs before conditioning, a conditioning effect was not detected during conditioning trials but 
was detected in tests at 30 min after conditioning. This observation suggested that MEC-sensitive neurons 
in the LPR, or neurons in nearby PR areas, do not participate in olfactory conditioning but play roles in 
conveying conditioned olfactory signals. This implies that the association of CS and US occurs in neurons 
upstream of these neurons. Since the LPR is one of major termination areas of MB efferent neurons that 
are postsynaptic to Kenyon cells, Kenyon cells are the possible site for the association of CS and US for 
olfactory conditioning.   
 
4.2. Localization of injected solution. 
I evaluated localization of the injected drug by observing the distribution of co-injected LY. When the 
drug was injected into the ALs or the MB calyces, LY was confined within the injected neuropil in most 
preparations. However, when the drug was injected into the LPRs, the LY diffused into nearly PR areas, 
including a part of the medial and dorsal PR. LY was confined when injected into the AL or MB calyces, 
presumably because these structures are wrapped by glial sheets serving as a diffusion barrier. When 
interpreting the data for effects of MEC injection into the LPRs, as the drug may also affect neurons in 
nearly PR areas. Nevertheless, it is safe to conclude that MEC-sensitive Kenyon cells play major roles in 
olfactory conditioning. 
 
4.3. Neural pathways mediating conditioned olfactory responses of salivary neurons. 
In Fig. 5-5, presumptive neural pathways mediating conditioned olfactory responses of salivary neurons 
are illustrated. In insects, including cockroaches, there is evidence suggesting that synaptic transmission 
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from ORNs to PNs and local interneurons is mediated by ACh (Armengaud et al., 2001; Barbara et al., 
1999; Frontali et al., 1971; Hess, 1972; Kreissl and Bicker, 1989; Sanes and Hildebrand, 1976), and at 
least some PNs possess putative MEC-sensitive nAChRs (Thany et al., 2005; Thany et al., 2003). Our 
finding that responses of salivary neurons to odors are fully abolished by injection of MEC into the ALs 
indicates that MEC-sensitive AL neurons, most likely PNs, mediate olfactory responses of salivary 
neurons.  
  In appetitive olfactory conditioning with sucrose reward in honey bees and Drosophila, it has been 
suggested that the AL participates in olfactory conditioning (Erber et al., 1980; Hammer, 1993; Hammer 
and Menzel, 1998; Schwaerzel et al., 2003; Thum et al., 2007). In salivary conditioning of cockroaches, 
however, our results suggested that the AL is not the site of association of olfactory CS and sucrose US, 
because the effect of olfactory conditioning was completely abolished when MEC was injected into the 
MB calyces (Fig. 5-3). It needs to be clarified whether this reflects the difference in species or of 
conditioning systems.   
  I observed partial impairment of olfactory responses when MEC was injected into the MB calyces. 
Thus, I conclude that MEC-sensitive neurons in the calyces, most likely Kenyon cells, mediate olfactory 
responses of salivary neurons, although the possibility of participation of MEC-insensitive Kenyon cells 
can not be ruled out. Our findings are consistent with previous results indicating that Kenyon cells 
possess putative MEC-sensitive and MEC-insensitive AChRs (Goldberg et al., 1999; Thany et al., 2005; 
Thany et al., 2003). 
  Moreover, I observed that effects of conditioning were impaired by MEC injection into the calyces. 
This indicates that MEC-sensitive Kenyon cells or neurons in downstream olfactory pathways participate 
in olfactory conditioning and that MEC-insensitive Kenyon cells do not participate in olfactory 
conditioning. The results are in keeping with those of pharmacological studies on olfactory conditioning 
of proboscis extension responses in honey bees. In honey bees, intercranial injection of MEC (Lozano et 
al., 1996) or its local injection into the calyces of the MBs (Lozano et al., 2001) prevented olfactory 
conditioning from occurring. In contrast, injection of α-bungarotoxin, an ACh antagonist in a type of 
MEC-insensitive nAChRs, into the ALs and the MBs prior to conditioning (Gauthier et al., 2006) or 
intercranial injection of ACh antagonists of musucarinic AChRs, such as scopolamine or atoropine, prior 
to conditioning did not affect the association of olfactory CS with sucrose US (Cano Lozano and Gauthier, 
1998; Gauthier et al., 1994). 
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  The LPR is one of the second-order olfactory centers receiving terminates of PNs (Malun et al., 1993; 
Strausfeld and Li, 1999) and also is a major termination area of MB efferent neurons that are postsynaptic 
to Kenyon cells (Li and Strausfeld, 1997; 1999; Strausfeld and Li, 1999a). Our observation that injection 
of MEC into the LPRs reduces olfactory responses of salivary neurons suggests that MEC-sensitive 
neurons in the LPRs participate in mediating olfactory responses of salivary neurons. However, I can not 
rule out the possibility of mediation of MEC-insensitive neurons in the LPRs or nearby PR areas in 
olfactory responses of salivary neurons (Fig. 5-5).  
   Conditioning was not impaired when MEC was injected into the LPRs. This is in accord with the 
results of a previous study in honey bees showing that pairing of olfactory stimulus with local injection of 
octopamine, a presumable neurotransmitter mediating sucrose US, did not yield conditioning effects 
(Hammer and Menzel, 1998). Our observation that MEC-sensitive neurons in the LPR, or neurons in 
nearby PR areas, do not participate in olfactory conditioning but play roles in conveying conditioned 
olfactory signals can be best explained if the association of CS and US underlying olfactory conditioning 
occurs in neurons upstream of the MEC-sensitive neurons in the LPR or nearly PR areas. Taking account 
of this observation together with the results of MEC injection into the calyces, I consider that the 
association of CS and US underlying salivary conditioning most probably occurs in MEC-sensitive 
Kenyon cells. It remains to be determined, however, whether neural plasticity underlying conditioning 
resides in input synapses in the calyces or output synapses in the pedunculus and lobes of MEC-sensitive 
Kenyon cells. Injection of MEC into the lobes would be helpful to discriminate these possibilities. 
   Little is known about efferent neurons from the LPR. I assume that MEC-sensitive and 
MEC-insensitive LPR neurons project to the subesophagus ganglion (SEG) and make synaptic 
connections with salivary neurons (SNs) that innervate salivary glands. 
 
4.4. Future perspective 
The finding that MEC-sensitive Kenyon cells are likely to play major roles in olfactory conditioning 
paves the way for electrophysiological studies of neural mechanisms underlying learning and memory by 
using salivary conditioning of cockroaches as a model system. In honey bees, it has been reported that 
MB-extrinsic neuron, PE-1 neuron (pedunculus-extrinsic neuron), reduces its response to 
sucrose-associated odor but does not change its response to unpaired odor. In this system, inhibitory 
synaptic inputs from GABAnergic feedback neurons with dendrites in the lobes to the PE-1 neuron may 
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play roles in neural plasticity of the PE-1 (Mauelshagen, 1993; Menzel and Manz, 2005; Okada et al., 
2007). In fruit-flies, Drosophila, cholinergic DPM (dorsal paired medial) neurons, with axon-like 
processes that broadly ramify throughout the MBs lobes, participate in consolidation of olfactory memory 
(Davis, 2005; Keene et al., 2006). In cockroaches, neurons morphologically similar to the PE-1 neuron 
and the DPM neurons have been identified (Nishino H., personal communication). Moreover, several 
classes of MB extrinsic neurons and GABAnergic neurons innervating the MB have been anatomically 
and physiologically characterized by using intracellular recording and staining (Li and Strausfeld, 1997; 
1999; Nishino and Mizunami, 1998; Strausfeld and Li, 1999a). The accumulated knowledge provides a 
basis to study neural mechanisms of leaning and memory at the level of individual brain neurons. 
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Fig. 5-1. Experimental procedures. (A) Arrangement of extracellular recording from a salivary duct nerve (SDN), a 
lateral view. The SDN originates from the subesophageal ganglion (SEG) and runs along the surface of the salivary 
duct to innervate the salivary glands. The SD and SDN were hooked by a pair of tungsten electrodes. CC, cervical 
connective; CEC, circumesophageal connective. A, anterior; P, posterior; V, ventral; D, dorsal. (B, C) Schedules for 
the experiments to study the effects of drug injection into the AL (B) or the calyces of the MBs (C) on olfactory 
responses in untrained cockroaches. Responses of salivary neurons to 2-sec presentation of peppermint, vanilla or 
apple odor were measured. In (B), responses of salivary neurons to odors were measured at 10 min before (Test 1; 
black square) and 10 min (Test 2), 30 min (Test 3) and 60 min (Test 4) after injection. Local injection of drug was 
carried out immediately after exposure of the brain. (C) Responses of salivary neurons to odors were measured at 10 
min before (Test 1) and 10 min (Test 2), 30 min (Test 3), 60 min (Test 4) and 3 hours (Test 5) after injection. 
Exposure of the brain was carried out 15 min before Test 1. When the drug was injected into the LPRs, the same 
procedure as that described in (C) was carried out except that Test 5 was omitted. (D) At 10 min after local injection 
of the drug into the calyces of the MBs or the LPRs, five sets of "P-sucrose/V-alone" conditioning trials were carried 
out. One differential conditioning trial set consisted of the presentation of peppermint odor (shaded squares) 3 sec 
before the presentation of 500 mM sucrose solution (US; open squares) to an antenna and subsequent presentation of 
vanilla odor without pairing with US (hatched squares). The durations of CS and US were 4 sec. The inter-trial 
intervals were 2 min. During conditioning trials, control apple odor (vertical striped bar) was presented at 1 min 
before the initial conditioning trial and at 1 min after the final conditioning trial. To evaluate the conditioning 
effects, responses of salivary neurons to 2-sec presentation of peppermint, vanilla or apple (control) odor were 
measured at 20 min before (Test 1; black square) and 30 min (Test 2) and 2.5 hours (Test 3) after conditioning. 
When drugs were injected into the LPRs, the same procedure as that described in (D) was used except that Test 3 
and the presentation of apple odor during conditioning trials were omitted. Exposure of the brain was carried out at 













































Fig. 5-2. Effects of local injection of MEC into the ALs. (A) Confocal image of the distribution of Lucifer Yellow 
contained in test solution injected into the ALs; frontal view. (B) Four groups of cockroaches were injected with 0.5 
nl of saline (CONTROL; white bar) or saline containing 1 mM (hatched bar), 10 mM (shaded bar) or 100 mM MEC 
(black bar) into their ALs. Responses of salivary neurons to odors were measured at 10 min before and 10 min, 30 
min and 60 min after injection. Relative responses, measured as relative increase of spike frequency, are shown as 
means ± s.e.m. To statistically evaluate the presence of odor responses, spike frequency during odor stimulation 

























































































Calyces of the MB
NS
MEC, olfactory responses (N=10)
saline, conditioning (N=20)
MEC, conditioning (N=18)
Fig. 5-3. Effects of local injection of MEC into calyces of the MBs. (A) Confocal image of the distribution of 
Lucifer Yellow contained in test solution injected into the calyces; frontal view. (B) Effects of local injection of 0.5 
nl of saline containing 10 mM MEC into the calyces on odor responses of salivary neurons. Responses of salivary 
neurons to peppermint (shaded bar), vanilla (hatched bar) and apple odor (vertical striped bar) were measured at 10 
min before and 10 min, 30 min, 60 min and 3 hours after MEC injection. (C, D) Effects of local injection of 0.5 nl of 
saline (C) or saline containing 10 mM MEC (D) into the calyces of the MBs on olfactory conditioning. Cockroaches 
were subjected to "P-sucrose/V-alone" conditioning trials. Responses of salivary neurons to peppermint (shaded bars 
and solid line), vanilla (hatched bars and dashed line) or apple (control) odor (vertical striped bar) were measured at 
20 min before (Test 1), during (1st - 5th), and at 30 min (Test 2) and 2.5 hours after (Test 3) conditioning trials. The 
responses are shown as means ± s.e.m. Responses of salivary neurons to apple (control) odor after conditioning 
were compared with those at the initial test (Test 1), and the levels of statistical differences are shown with asterisks 
(* <P=0.05; ** <P=0.01; NS >P=0.05, t-test). Responses of salivary neurons to peppermint odor were compared 















































































































Fig. 5-4. Effects of local injection of MEC into the LPRs. (A) Confocal image of the distribution of Lucifer Yellow 
contained in test solution injected into the LPRs; frontal view. Lucifer Yellow was observed in the LPR and nearby 
PR areas but not in the AL or the MB. (B, C) Effects of local injection of 0.5 nl of saline (B) or saline containing 10 
mM MEC (C) into the LPRs on olfactory responses of salivary neurons. Responses of salivary neurons to 
peppermint (shaded bar), vanilla (hatched bar) and apple odor (vertical striped bar) were measured at 10 min before 
and 10 min, 30 min and 60 min after injection. (D, E) Effects of local injection of 0.5 nl of saline (D) or saline 
containing MEC (E) into the LPRs on olfactory conditioning. Two groups of cockroaches were subjected to "P-
sucrose/V-alone" conditioning trials at 10 min after injection of 0.5 nl of saline (D) or saline containing 10 mM 
MEC (C) into the LPRs. Responses of salivary neurons to peppermint (shaded bars and solid line), vanilla (hatched 
bars and dashed line) or apple (control) odor (vertical striped bar) were measured at 20 min before (Test 1), during 
(1st - 5th) and at 30 min after conditioning trials (Test 2). The responses are shown as means ± s.e.m. Responses of 
salivary neurons to apple (control) odor after conditioning (Test 2) were compared with those at the initial test (Test 
1), and the levels of statistical differences are shown with asterisks (* <P=0.05; ** <P=0.01; NS >P=0.05, t-test). 
Responses of salivary neurons to peppermint odor were compared with those to vanilla odor, and the levels of 
















Fig. 5-5. A model of neural pathways mediating conditioned olfactory responses of salivary neurons. Axons of 
olfactory receptor neurons (ORNs), which are cholinergic, project to the AL and make synaptic connections with 
PNs equipped with a MEC-sensitive nicotinic acetylcholine receptor (nAChR) (double line). Other types of AL 
neurons, such as MEC-insensitive PNs, are not drawn for simplicity: our results can be explained without assuming 
possible involvement of such neurons. Axons of MEC-sensitive PNs, which are cholinergic, exit the AL and make 
synaptic connections with MB intrinsic neurons, Kenyon cells (KCs), at the MB calyces, some of which have MEC-
sensitive nAChRs but others may not. PNs also make synaptic connections with neurons in the LPR, which may or 
may not have MEC-sensitive nAChRs. In the MB lobes, Kenyon cells make synaptic connections with efferent 
neurons, some of which are likely to be cholinergic and others not. Axons of MB efferent neurons terminate in the 
LPR, in addition to some other areas of the protocerebrum (PR). We assume that MEC-sensitive and MEC-
insensitive LPR neurons project to the subesophageal ganglion (SEG) and make synaptic connections with salivary 
neurons (SNs), which innervate salivary glands. We suggest that the association of olfactory CS and sucrose US 
underlying salivary conditioning occurs in MEC-sensitive Kenyon cells (shaded area), either at their input synapses 





In the present study, I obtained the following results. 
 
1) I established an effective classical conditioning procedure in which free-moving cockroaches to 
associate olfactory CS with gustatory US (chapter 1).  
2) After conditioning of olfactory CS with sucrose US presented to the mouth, responses of salivary 
neurons to sucrose-associated odor were enhanced in cockroaches (chapter 2). 
3) I demonstrated classical conditioning of salivation in cockroaches, for the first time in species other 
than dogs and humans (chapter 3).  
4) I demonstrated conditioning of salivation and of activities of salivary neurons to occur in a paradigm 
to associate olfactory CS with gustatory US presented to an antenna (chapter 4). 
5) By studying the effects of local injection of mecamylamine into some areas of the olfactory CS 
pathway of the cockroach brain, I suggested that association of olfactory CS with gustatory US occurs 
in mecamylamine-sensitive mushroom body intrinsic neurons (chapter 5). 
 
The results show that conditioning of salivation in cockroaches provides an excellent experimental system 
for studying the roles of neurons in the mushroom body in olfactory leaning. It istechnically feasible to 
study neural activities of extrinsic neurons of the mushroom body during olfactory learning in 
cockroaches with the aid of this new experimental paradigm. This study, therefore, paves the way for the 
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